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Chapter 1
Acetylene Transformations Towards Functional 
Conjugated Materials: 
The Motivation & Outline of the Thesis
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Chapter 1
The acetylene group, or the carbon-carbon triple bond, is one of the 
simplest functional groups in chemistry and a ubiquitous structural 
feature of many organic molecules. Although not present in any of the 
naturally occurring carbon allotropes, this rigid and high-energy n- 
conjugated structure is an essential tool to access synthetic carbon-rich 
families. Over the past 50 years, various approaches towards the 
synthesis of n-conjugated carbon-rich structures, using the acetylene 
group as a building block or as a synthetic tool, have been developed. 
Most recently, the discovery of the copper-catalysed azide-alkyne 
cycloaddition reaction, leading to triazole derivatives, further 
stimulated research in this field. In this chapter, the most powerful 
acetylenic transformations towards the preparation of carbon-rich n- 
conjugated structures will be overviewed and new approaches towards 
the conjugation- and function-related triazole-derived materials will be 
outlined.
1.1 W hat?: 0D, 1D, 2D  and 3D  carbon-rich and all-carbon scaffolds
“Why would anyone attempt to synthesise fullerenes from elaborate precursors i f  all it takes is 
graphite and a suitable energy source such as a strong electricfield or laser power? One of the 
answers to this somewhat unfair question bears a certain philosophical charm reminiscent of the 
motto that the way is the goal.” [I]
R. Faust
Every few years a new material with unique properties emerges and fascinates the 
scientific community. There is no doubt that, since the first experimental evidence for the 
formation of buckminsterfullerene (C 60) in 1985,[2] carbon allotropes (Figure 1.1)[3] and 
synthetic, carbon-rich n-systems have immersed scientists more than any other chemical class 
of compounds. W hen bulk quantities of soluble fullerenes became available in 1990,[4] 
research on their properties and covalent modification,^! together with parallel research on 
carbon nanotubes,t6] developed to great extents. In fact, the 1996 Nobel Prize in Chemistry 
was awarded, 11 years after the discovery, to Robert F. Curl Jr., Sir Harold Kroto and Richard 
E. Smalley for “their discovery o f fullerenes”y7
The latest sensation, that has become one of the most exciting topics of research since it 
was first isolated in 2004,t8] is graphene (1; Figure 1.2).[9] This one-atom-thick transparent
2
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conductor bore fruit only six years after its discovery! The 2010 Nobel Prize in Physics was 
jointly awarded to Andre Geim and Konstantin Novoselov “fo r groundbreaking experiments 
regarding the two-dimensional material graphene”.
“It should thus be possible to make an almost invisible hammock of graphene that could hold a 
cat without breaking. The hammock would weight less than one mg, corresponding to the weight 
of one of cat’s whiskers” t10l
Figure 1.1 Allotropes of carbon: diamond (a), graphite and graphene (b), lonsdaleite 
(c), C60 (buckminsterfullerene or buckyball; d), C540 (e), C70 (f), 
amorphous carbon (g) and single-walled carbon nanotube (SW NT or 
buckytube; h).
Graphene is the parent of all graphitic forms (0D fullerenes (d -f), 1D carbon nanotubes 
(h) and 3D graphite (b) in Figure 1.1) and is comprised of sp2 hybridised carbon atoms 
arranged in six-membered rings. This first example of a 2D crystalline material possesses a 
number of unique properties, distinctly different from those of fullerenes, carbon nanotubes 
and graphite, that make it interesting for both fundamental studies and future applications. 
Apart from a tuneable band gapt11] and high elasticity,!12! the charge carrier properties of 
graphene are particularly noteworthy; the charge carriers obey a linear dispersion relation 
(similar to that of photons) and thus mimic massless relativistic particles. Also, the chiral 
nature of quasiparticles in graphene (a consequence of electron-hole symmetry) gives rise to a 
number of unusual effects, including the half-integer quantum Hall effecti13] For bilayer 
graphene (two graphene layers in close proximity), the situation becomes even more unusual; 
the charge-carrying quasiparticles obey parabolic dispersion and consequently have non-zero 
mass, but retain a chiral nature similar to that in monolayer graphenei14] “More generally,
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graphene represents a conceptually new class o f materials that are only one atom thick, and... 
continues to provide afertile groundfor applications.” Although “graphenium microprocessors are 
unlikely to appear fo r  the next 20 years”, in the meantime, the use of graphene in composite 
materials, electric batteries, field emitters, solid-state gas sensors, superconducting FETs or 
hydrogen storage is “likely to come o f age”
Figure 1.2 Structures of graphene (1) and its 1D and 2D synthetic subunits: poly(para- 
phenylenes) (2), acenes (3), phenacenes (4), rylenes (5), triphenylene (6, in 
bold), hexabenzo[bc,ef,hi,kl,no,qr]coronene (HBC) orsuperbenzene[15] (7, 
in bold) and C222H42 (8).
Parallel to these developments, organic chemists became fascinated with the design and 
total synthesis of carbon allotropes and their carbon-rich analogues. The total synthesis of Cêo 
has been successfully pursuedt16] and cyclic, belt-like molecules have been constructed as 
models for carbon nanotubes.[17] It seems, however, that the total syntheses of well-defined 
cut-outs of graphene, such as 2 -8 ,t18] have attracted organic chemists the most (Figure 1.2). 
1D and 2D polycyclic aromatic hydrocarbons (PAHs) of different sizes and shapes (8 being 
the biggest fully condensed aromatic system that has been prepared so fart19]), obtained by 
novel synthetic protocols, became essential as defined molecular models for graphene. In 
addition, the great variability of the PAHs currently available, in terms of size, shape and the 
relationship between the geometric and electronic structure, is very important with regard to 
their applications. Varying from the extremely stable, fully benzenoid PAHs (like 6- 8) with 
high optical gaps on one side to the very reactive acenes (3) with low optical gaps on the other 
side, PAHs comprise a large number of molecules with versatile properties.t18a] Owing to their 
stiff and flat shape, outstanding structural order in the bulk phase, and highly characteristic 
(fingerprint) absorption, they are finding use in organic electronics,t18b] surface sciencet18d-20] 
and the formation of discotic liquid crystals.[21]
4
o
Going back, the very first study on novel all-carbon allotropes dates back to 1966, 
when it was proposed that cyclo[n]carbons, such as 9 (n = 12) and 10 (n = 18; Figure 1.3), 
would benefit from a special stabilisation as a result of two orthogonal [4n + 2] n-electron 
systemsi22] Two decades later, stimulated by the discovery that fullerenes are stable carbon 
allotropes, elegant protocols to prepare cyclo[n] carbons have been developed!23! and novel 
2D carbon networks, different from graphene, and 3D carbon networks have been 
proposedi23d-23e-24] “However, structural chemical imagination clearly exceeds current synthetic 
availability and hardly any o f the proposed networks have become the target o f  serious preparative 
work, with two exceptions:graphyne andgraphdiyne”(11 and 12, respectively; Figure 1.3)i25]
R
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Figure 1.3 Structures of cyclo[12]carbon (9) and cyclo[18]carbon (10), molecular
carbon allotropes and potential precursors of graphyne (11) and graphdiyne 
(12), and the benzannellated dehydroannulene-derivedsubstructures of 
both networks 13 (R = tert-butyl) and 14 (R = decyl).
The all-carbon 2D scaffolds graphyne and graphdiyne can, theoretically, be synthesised 
by the controlled cyclotrimerisation reactions of 9 and 10, respectively, on surfaces.[23d-23e] To 
date, the synthesis of both 9 and 10 have only succeeded in the gas phase and bulk quantities 
have not been isolated. Synthetic approaches to smaller and larger substructures of these
5
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carbon networks, such as 13 and 14 (Figure 1.3), have been designed and developed.[25,26] 
parallel, the increased interest in graphyne and graphdiyne networks has led to a renaissance 
of annulene chemistry.[26b,27] The optoelectronic properties, as well as other interesting 
properties associated with n-electron-rich and carbon-rich networks, of the parent and 
peripherally functionalised annulene-based compounds have been investigated and show 
great promise for applications such as nonlinear optics (NLO), liquid crystalline displays 
(LCDs) and supramolecular chemistry. Additionally, there is a continuing interest in probing 
the aromaticity and antiaromaticity of these n-systems.[28]
In addition to the developments in the field of natural carbon allotropes and synthetic 
carbon-rich scaffolds (containing only carbon and hydrogen atoms), their n-conjugated 
synthetic hetero-analogues (containing atoms other than carbon and hydrogen) attracted 
comparable scientific interest. Over the years, a tremendous number of 0D, 1D and 2D 
hetero-carbon-rich n-systems (and their 1D -3D  assemblies) have been described and 
extensively studied; some representative examples (15-18) are depicted in Figure 1.4.
17 18
Figure 1.4 Representative examples of hetero-analogues of carbon-rich n-systems:
0D aza[60]fullerene (15),[5b] 1Dpoly(diiododiacetylene) (PIDA; 16),[29]
2D phthalocyanine (17)[30] and 3D functional assembly of 
naphthalocyanine and [60]fullerene (18).[31]
Along with many others, heterofullerenes (0D),t5b] conductive polymers (1D)t32] and 
phthalocyanines (2D)t30] have found an im portant role in modern science and, in the case of 
the last two, the number of publications dealing with these classes of compounds rapidly 
increases every year. It is worth mentioning, for example, that 20% of the approximately 9000 
documents published on phthalocyanines and related compounds in the last five years are 
patentsi30d] Also, the 2000 Nobel Prize in Chemistry was awarded jointly to Alan J. Heeger, 
Alan G. MacDiarmid and Hideki Shirakawa “fo r the discovery and development o f  conductive 
polymers”^ 7
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Owing to their ability to self-assemble by means of n -n  interactions and fascinating 
electronic properties, carbon-rich n-conjugated scaffolds (both natural and synthetic) have 
shown their great potential in applications varying from simple dyes to functional devices. 
Although the number of studies on carbon-rich scaffolds increases every year, there are still 
many challenges left for organic chemists. In particular, novel highly efficient approaches to 
even larger well-defined n-systems and easy postmodification strategies to retain the solubility 
are among the most crucial.
1.2 How?: Acetylene as a unique synthetic tool
The acetylene group is one of the oldest and simplest functional groups in chemistry and 
a ubiquitous structural feature of both natural and synthetic organic moleculesi33] Its rigid 
and n-conjugated structure makes the acetylene group an outstanding candidate for the 
construction of unsaturated molecular scaffolds. Although not present in any of the naturally 
occurring carbon allotropes, it is an essential tool to access synthetic carbon-rich families. 
Furthermore, its unsaturated, high-energy structure makes the carbon-carbon triple bond a 
very attractive functional group for further postmodification in many synthetic transfor­
mations. In this section, synthetic tools employing the acetylene group to provide an easy 
access to n-conjugated carbon-rich scaffolds will be systematically overviewed.
In general, two strategies towards the synthesis of n-conjugated carbon-rich structures, 
using the acetylene group as a building block or as a synthetic tool, can be employed. In the 
first case, the carbon-carbon triple bond is a part of the n-conjugated system; in the second 
case, it is employed and subsequently postmodified to provide other, usually benzenoid, n- 
conjugated structures. The most powerful transformations widely used in both strategies are 
schematically summarised in Figure 1.5 with cut-outs of graphyne, graphdiyne and graphene. 
In addition to these molecular transformations that are also applicable to polymers, the 
refined polymerisation reactions leading to poly(acetylene)t32d-34] and poly(buta-1,3-diyne) 
(or poly( diacetylene), e.g., 16 in Figure 1.4),[29-32d-34d-35] and other related macromoleculest36] 
attracted comparable interest; these, however, are beyond the scope of this overview and will 
not be discussed.
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cycloaromatisation
Figure 1.5 Schematic overview of the most common acetylenic transformations leading 
to n-conjugated structures by employing the acetylene group as a building 
block (left) or as a synthetic tool (right).
1.2.1 Sonogashira cross-coupling reaction
Over the past 35 years, one of the most significant developments in the field of acetylene 
chemistry is the Sonogashira reaction (Scheme 1.1)i37] This palladium-catalysed reaction 
between vinyl/aryl/heteroaryl halides and terminal alkynes in the presence of copper(l) 
found use in numerous applications varying from the synthesis of natural products to the 
preparation of advanced materials. It belongs to the pool of transition-metal-catalysed cross­
coupling reactions that can nowadays be considered an anchor in the field of organic 
synthesisi38] In fact, the 2010 Nobel Prize in Chemistry was awarded jointly to Richard F. 
Heck, Ei-ichi Negishi and Akira Suzuki “fo r palladium-catalyzed cross-couplings in organic 
synthesis”. t7]
The first palladium-catalysed C (sp)-C (sp2) cross-coupling reaction was independently 
reported by three groups in 1975. The earlier studies by Dieck/HecM39] and Cassart40] were 
reported as an extension of the M izoroki-Heck reaction (1971-1972)I41] to terminal alkynes 
(without a copper co-catalyst); the later study by Sonogashira/Tohda/Hagiharat42] can be 
considered as an application of palladium catalysts to the Stephens-Castro reaction!43! (1963; 
in the presence of a copper co-catalyst). Since 1975, numerous modifications to the original 
Sonogashira-Tohda-Hagihara protocol (nowadays simply known as the Sonogashira 
reaction) have been reported. These include the use of metals other than copper (B, Mg, Sn 
and Zn) and are often referred to as the Negishi (Zn), Stille (Sn) and Suzuki (B) alkynylation 
protocolsi37c-37d] Yet, this extensive research continues to push the limits of this methodology 
through the discovery and development of more facile procedures, improved metal acetylide 
coupling partners, as well as more active palladium catalysts for cross-coupling reactions with 
unactivated arenesi37e] From the perspective of making n-conjugated carbon-rich scaffolds, 
the Sonogashira reaction is often employed as “the first step” and, in parallel, it represents a
8
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powerful tool towards the preparation of rigid acetylene-derived oligo-/polymeric[32d-34d-37c-44] 
and (macro)cyclict37c-45] n-conjugated structures (Scheme 1.1).
Scheme 1.1 Sonogashira cross-coupling reaction: proposed mechanisml37“’3^ ’37!’42] and 
design of the precursors towards the synthesis of oligomeric, polymeric and 
cyclic n-conjugated scaffolds.
1.2.2 Glaser and C adiot-C hodkiew icz reactions
Recently, the C (sp)-C (sp) cross-coupling reaction (often called the acetylenic homo-* or 
heterocoupling reaction; Scheme 1.2) has attracted significant interest from the scientific 
community.[26c-32d-34d-37c-46] Rigid and sterically undemanding di- and oligoacetylene moieties, 
which are frequently encountered in natural products, are finding new applications, for 
instance, as key subunits in synthetic receptors for molecular recognition.
To access symmetrical polyynes, the copper-catalysed oxidative homocoupling reaction of 
terminal alkynes, introduced by Glaser in 1869,[47] or modifications to this reaction need to 
be applied. Owing to the increased demand for accessing asymmetrical polyynes, however, the 
copper-catalysed heterocoupling reaction of terminal alkynes with haloalkynes, introduced by 
Cadiot/Chodkiewicz in 1957,[48] has become the research focus over the past decades. In 
parallel, numerous efficient modifications to the original coupling procedures, including the 
use of organometallic acetylides other than copper (B, Hg, Li, Sn and Ti), have been 
developedi46b] In addition to the Sonogashira reaction, the acetylenic coupling, leading to 
rigid, linear oligo-/polyynes, thus represents another powerful tool in the molecular 
construction of n-conjugated carbon-rich scaffolds (Scheme 1.2).
* The homocoupling reaction of terminal alkynes is often observed during the Sonogashira reaction. It is 
known to take part in one of the Sonogashira cycles, in which palladium(ll) is reduced to palladium(0), but it also 
occurs as a side reaction in the presence of oxygen.
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H O M O C O U P LIN G  HETER O C O U PLING  O LIGOM ER
Scheme 1.2 Acetylenic homo- and heterocoupling reactions: proposed key intermediates 
19[46b'49] and 20,[46b’50] and design of the precursors towards the synthesis of 
oligomeric, polymeric and cyclic n-conjugated scaffolds.
1.2.3 Alkyne metathesis
Alkyne metathesis refers to the mutual exchange of the alkylidyne units between a pair of 
non-terminal alkyne derivatives, such as 21, and represents the third of the three main tools in 
the construction of acetylene-derived n-conjugated structures (Scheme 1.3).-51] In contrast to 
alkene metathesis, which has already been incorporated into the synthetic lexicon,!52! alkyne 
metathesis has only recently shown its great synthetic potential. Yet, the impact of the 
metathesis methodology on synthetic chemistry has been so big that the Nobel Prize in 
Chemistry 2005 was awarded jointly to Yves Chauvin, Robert H. Grubbs and Richard R. 
Schrock “fo r the development o f  the metathesis method in organic synthesis”}-7
Scheme 1.3 Alkyne metathesis of 21 : accepted mechanism[sla’slc’sld’s3] and design of the 
precursors towards the synthesis of polymeric and cyclic n-conjugated 
scaffolds.
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After the seminal work of Pennella/Banks/Bailey in 1968-54] and Mortreux/Blanchard in 
1974,-55] the development of highly active catalysts, and their applications in both organic 
synthesis and polymer chemistry, has served to motivate the research in this field. Although 
there has been growing interest and rapid progress in alkyne metathesis within the past 
decade, catalysts with both high reactivity and robustness to air and moisture still need to be 
developed. As the catalytic processes become better understood and the catalysts more user- 
friendly, alkyne metathesis will likely become another widely-used approach in materials 
science. For example, although the synthesis of poly(p-phenyleneethylene)s (PPEs) by using 
the classical cross-coupling methodology (Scheme 1.1) is general in scope, it is difficult to 
obtain PPEs of high molecular weight. Additionally, the polymeric chain often contains 
undesired diyne defects, formed by either the reduction of the palladium(ll)-catalyst 
precursor or the presence of oxygen.[51e] From this perspective, alkyne metathesis, a process in 
which the carbon-carbon triple bonds are formed directly, can be considered a powerful 
alternative (Scheme 1.3).-44c]
1.2.4 D iels-A lder and related cycloaddition reactions
Cycloaddition reactions-56! represent the second strategy towards the synthesis of n- 
conjugated carbon-rich structures. They belong to the class of pericyclic reactions that are 
associated with two Nobel Prizes in Chemistry.1 In particular, the Diels-Alder and the alkyne 
cyclotrimerisation reactions are two of the most convenient ways to access substituted 
benzene derivatives (Scheme 1.4).-18c-18s-18h]
Discovered in 1928,-57] the Diels-Alder reaction is so far the best-known and widely- 
used organic reaction to construct, in a regio- and stereo-controlled manner, a six-membered 
ring with up to four stereogenic centres.-58! It is a thermal [4+2] cycloaddition reaction 
between a conjugated diene and a substituted alkene (usually referred to as dienophile). In the 
case in which cyclopenta-2,4-dienone (CP) and acetylene are employed as the diene and the 
dienophile, respectively, the benzene moiety is effectively formed in a two-step process, 
including the extrusion of C O  (Scheme 1.4, top left).-59] This highly versatile approach allows 
for the easy access to a variety of dendritic polyphenylenes (DPPs; e.g., 24) when differently 
substituted aromatic alkynes 22 and CPs 23 are integrated into this reaction. The prepared 
DPPs differ in size and shape as well as the substitution pattern and the molecular 
topology.-15]
f The 1950 Nobel Prize in Chemistry was awarded jointly to Otto P. H. Diels and Kurt Alder “fo r  their 
discovery and  development o f  the diene s y n th e s is the 1981 Nobel Prize in Chemistry was awarded jointly to Kenichi
Fukui and Roald Hoffmann “fo r  their theories, developed independently, concerning the course o f  chemical reactions”X77
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D IELS-ALD ER CYCLO TR I M ERISATIO N
Ri — R2 — R3
Scheme 1.4 Diels-Alder and alkyne cyclotrimerisation reactions: mechanisms (thermal 
[4+2][56a-60] versus metal-catalysed [2+2+2][61] cycloaddition) and an 
example of their applications in the synthesis of HBCs 25.
The transition-metal-catalysed cyclotrimerisation of alkynes represents the most typical 
example of [2 + 2 + 2 ] cycloaddition reactions and the second approach to access benzene 
derivatives.-62! Compared with the Diels-Alder method, it is mainly suitable for the 
preparation of DPPs with sixfold symmetry.-15-63 A wide variety of homo- and heterogeneous 
catalysts are available for alkyne cyclotrimerisation and practically any mono- or disubstituted 
alkyne, in addition to acetylene itself, may be cyclotrimerised. As a result, numerous 
mechanistic pathways have been established,-64! each characteristic of the metals involved in 
the system; the most common pathway is depicted in Scheme 1.4, top right.-61!
The main application of these two cycloaddition methods is the preparation of well- 
defined sheets o f graphene (e.g., HBCs 25 and other related PAHs) that can easily be 
obtained from the corresponding DPPs by using the cycloaromatisation protocol (Scheme 
1.4).-63>65! In this manner, a large number of PAHs of different sizes (of up to 222 carbons,-19! 
see 8 in Figure 1.2) and shapes have already been prepared and studied, the major 
contributions having been carried out by the group of K. Müllen.-18a! To date, the combined 
cycloaddition-cycloaromatisation approach represents the most powerful tool towards the 
construction of synthetic cut-outs of graphene.
1.2.5 Bergman cyclisation reaction
Another possibility to employ the acetylene moiety as a synthetic tool to access 
benzenoid n-conjugated structures is the Bergman cyclisation (BC) reaction; a six-electron 
dehydropericyclic variation to the photo-electrocyclisation reaction of hexa-1,3,5-triene.-66! 
The BC reaction is a thermodynamically accessible rearrangement of a (Z)-1,5-diyne-3-ene
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(enediyne) unit to a 1,4-didehydrobenzene diradical (1,4-benzyne), which, in the presence of 
radical sources, is quenched to afford the benzannulated product (Scheme 1.5)i67]
BERGMAN PO LYN AP H TH ALE N ES
Scheme 1.5 Bergman cyclisation reaction: mechanism[ and design of the precursors 
towards the synthesis of polynaphthalenes,[69] acenes[70] and rylenesJ71]
Following the early seminal studies (1971-1973),t68-727 the BC reaction received only 
modest attention until the late 1980s. One of the most im portant motivations for the 
investigation of 1,4-benzyne and the BC reaction was the discovery of enediyne cytostatics 
and their remarkable antibiotic and antitumor activities.!737 In fact, the enediynes are some of 
the most potent natural antitumor products ever discovered. Yet, from the perspective of 
making n-conjugated structures, the BC reaction represents an elegant tool to extend the 
conjugated system by an additional benzene ring. By choosing the right design of the endiyne 
precursors, different subunits of graphene can easily be accessed; these, however, are limited 
to only few examples in the literature (Scheme 1.5).I69-717 In addition, few examples 
employing the BC reaction to extend the conjugation of enediyne-derived porphyrins are also 
known.!747 The lack of examples is probably the result of an increased activation energy; a 
high reaction temperature (usually over 170 °C) is required for the BC reaction to proceed. 
Although there are several factors (geometric, electronic and steric)[67a] that can be adjusted 
to lower the activation barrier, these are often not applicable in the case of n-conjugated 
scaffolds. Despite this fact, the BC reaction uniquely supplements the family of accessible 
tools towards the construction of 1D and 2D synthetic analogues of carbon allotropes.
1.2.6 Huisgen cycloaddition reaction
In addition to the above mentioned synthetic tools employing the acetylene unit to 
construct rigid, n-conjugated structures, the [3+2] cycloaddition of alkynes represent another 
class of potentially useful reactions.1757 In particular, the Huisgen 1,3-dipolar cycloaddition 
reaction of azides and alkynes, leading to di- or trisubstituted 1^-1,2,3-triazoles (simply 
referred to as triazoles), is of special interest (Scheme 1.6).1767
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Scheme 1.6 Huisgen 1,3-dipolar AAC reaction: structures of the two possible
regioisomers 26 and27, and mechanism of the CuAAC reaction leading 
exclusively to 1,4-regioisomer 27 ([CuLn] denotes either a single-metal 
centre CuLn or an oligonuclear cluster CuLn).
Compared with [4+2] and [2+2+2] cycloadditions of alkynes that result in the 
formation of the aromatic, six-membered benzene ring (Scheme 1.4), the azide-alkyne 
cycloaddition (AAC) reaction results in the formation of a heteroaromatic, five-membered 
triazole ring. Similarly to pyrrole, the lone pair localised on the formally sp3 hybridised 
nitrogen atom (N-1) can enter into conjugation with the unsaturated system; the degree of 
aromaticity (e.g., compared with benzene or pyrrole), however, is unknown. Nevertheless, the 
presence of the two sp2 hybridised nitrogen atoms (N-2 and N-3) in the triazole ring provides 
an additional opportunity since the triazole moiety can serve as a ligand to coordinate metals 
or to bind guest molecules and, thus, it can be considered as afunctional building block.
The thermal AAC reaction has been known for more than a century, the first example, 
employing azidobenzene and diethyl but-2-ynedioate, being reported by Michael in 1893.[777 
The thorough investigation of this reaction by Huisgen and coworkerst787 was, however, not 
carried out until the 1950s-1970s, in the course of their studies of the larger family of 1,3- 
dipolar cycloaddition reactions.1797 Although the AAC reaction is highly exothermic (A H  
between 50-65 kcal mol-1), its high activation barrier (approximately 25 kcal mol-1  for 
azidomethane and propyne)!807 results in exceedingly low reaction rates for unactivated 
reactants even at elevated temperature. Furthermore, since the differences in H O M O - 
LUM O energy levels for both azide and alkyne are of similar magnitude, both dipole­
H O M O - and dipole-LUMO-controlled pathways operate in these cyclo additions. As a 
result, a mixture of two triazole regioisomers 26 and 27 is usually formed when an 
unsymmetrically substituted alkyne is employed (Scheme 1.6).
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It was not until 2002 that the AAC reaction started to attract the interest of a broad 
scientific community and since then, the number of publications utilising this reaction has 
rapidly increased.-81! The introduction of the copper(l) catalyst as a tool in this reaction, 
independently discovered by Torn0e/Christensen/M eldal-82! and Rostovtsev/Green/Fokin/ 
Sharpless,-83! led to major improvements in both rate and regioselectivity of the azide-alkyne 
cycloaddition reaction that has been termed the copper-catalysed azide-alkyne cycloaddition 
(CuAAC) reaction. The use of a copper(l) catalyst drastically changes the reaction 
mechanism and results in the exclusive formation of the 1,4-disubstituted product 27 (R3 = 
H ; Scheme 1.6). Although the precise nature of the reactive alkynyl copper species is not well 
understood, ^ 84! it is clear that the copper acetylide species 29 are formed and these are the 
productive components of the reaction mechanism .-80-85 As a result, the CuAAC reaction is 
restricted to terminal alkynes. Although the elucidation of the exact mechanism is difficult, 
the dynamic nature of copper acetylides is undoubtedly the major contributor to the 
remarkable adaptability of the reaction to various conditions.
O ther metals known to catalyse various acetylenic transformations (e.g., Ag(l), Pd(0/Il), 
Pt(ll), Au(i/III) and Hg(ll), among others) have not so far yielded effective catalysts for the 
conversion of azides and terminal alkynes to 1,4-disubstituted triazoles.-85a! In 2005, however, 
ruthenium cyclopentadienyl complexes were found to catalyse the formation of the 
complementary 1,5-di-/1,4,5-trisubstituted triazoles 26 from azides and both terminal and 
internal alkynes.-86! Whereas the scope and functional group compatibility of the ruthenium- 
catalysed azide-alkyne cycloaddition (RuAAC) reaction are excellent, the reaction is more 
sensitive to the solvents and the steric demands of the azide substituents than the CuAAC 
reaction.-87!
Compared with the thermal AAC process, the rate of the CuAAC reaction is increased 
by a factor of 107 making it conveniently fast at and below room temperature. The reaction is 
not significantly affected by most organic and inorganic functional groups, nor steric or 
electronic factors, and proceeds in many protic and aprotic solvents, including water. 
Moreover, CuAAC reactions are easy to perform and give rise to their intended products in 
very high yields with little or no side products.-85a! As such, the CuAAC reaction meets all 
criteria of “click chemistry”, a term defined by Sharpless in 2001 for those reactions that are 
“modular, wide in scope, give very high yields, generate only inoffensive byproducts...” and are 
“stereospecific (but not necessarily enantioselective)” -88!
1.3 W hy?: Creating function
Two structural characteristics of carbon-rich scaffolds are of central interest with regards 
to their potential applications: rigidity and the overlap of p orbitals. Whereas rigidity is
i The main complications are the tendency of the copper species to form polynuclear complexes and the facile 
ligand exchange at the copper centre. As a result, mixtures of copper(l), terminal alkynes and other ligands usually 
contain multiple organocopper species in rapid equilibrium with one another.
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crucial when constructing size- and shape-persistent macromolecules, the effective overlap of 
p orbitals is important for achieving good, long-distance conjugation. The size- and shape- 
persistence strongly enhances well-defined self-organisation (1D, 2D or 3D )[18e-20-30d-31-897 of 
the rigid structures and, in the case of cyclic oligomers, the rigidity plays an important role 
when the inner cavity serves as a macrocyclic hosti45a-45b7 For the latter, the well-defined n- 
conjugated systems, often possessing unusual electronic properties, attract considerable 
attention as potential building blocks for (single-molecule) electronics.[18a-18b-18d-18e-28a7 As for 
the large conjugated macrocycles, they represent unique model compounds for infinite n- 
conjugated systems.
Both rigidity and p-orbital overlap represent unique qualities that either separately or 
hand-in-hand contribute to the widespread use of natural carbon allotropes and their 
synthetic analogues. Smaller or bigger subunits of (hetero-)carbon-rich scaffolds are 
continuously being employed as function-providing building blocks for the construction of 
molecular wires,1907 devices1917 and machines (motors, rotors, switches, etc.).1927
1.3.1 Triazole as a functional building block
Since its discovery, the CuAAC reaction has found numerous applications, varying from 
traditional organic synthesis to advanced materials.!817 Advantageous properties, such as high 
chemical stability, a strong dipole moment, heteroaromatic character and hydrogen-bond- 
accepting and hydrogen-bond-donating abilities,1937 enable the triazole ring to interact 
productively in several ways with biological molecules, organic and inorganic surfaces and 
materials. For example, the triazole moiety can serve as a unique hydrolytically stable 
replacement for the amide bond .!947
From the perspective of making oligo-/polymeric (1D) and dendrimeric (2D and 3D) 
networks by using the CuAAC reaction, numerous studies are known from the literature.!957 
In all these examples, however, the triazole moiety was used only as a covalent linkage and the 
formed macromolecular structures were comprised mainly of aliphatic subunits. Additionally, 
the ability of the triazole moiety to coordinate metals and serve as a ligand or cationic 
receptor was also demonstrated.!967 Yet, studies in which the CuAAC reaction would be 
employed as a synthetic tool towards the preparation of extended n-conjugated carbon-rich 
hetero-structures are limited.^977 Among these, several unique examples, employing the 
triazole unit as afunctional building block towards the synthesis of triazole-derived responsive 
materials, are also present. These are based either on cation-N(triazole)I97i-97k7 (coordination) 
or hydrogen-N(triazole)[97k7 and anion-H (triazole)[97b-97e-97g-97)7 (hydrogen bonding) 
interactions. Illustrative examples of n-conjugated triazole-derived materials available to date
§ At the time of starting this project (September 2005), only two studies on this topic had been previously 
published and another one appeared later in 2005. The major work concerning triazole-derived responsive materials 
was carried out in the period 2007-2008. The overview presented here covers, to the best of our knowledge, all 
studies on this topic available up to October 2010.
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oare depicted in Figures 1.6 and 1.7, and their properties, resulting from the conjugation- and 
function-related characteristics of triazole, are briefly discussed in the following sections.
1.3.1.1 C onjugation-related triazole-derived materials
Several independent studies I97a-97m-97° 7 indicate that the conjugation in triazole-derived 
heteroaromatic structures is not extended through the triazole moiety (or as sometimes 
postulated through the formally sp3 hybridised N -1  nitrogen atom!97d7), even though 
according to molecular modelling, the triazole moiety is known to be flat.!97m7 As a 
consequence, the CuAAC approach represents an efficient tool to link various (hetero)- 
aromatic/chromophoric units into a covalent ensemble while they retain their individual 
properties and give rise to facile tailoring of the ensemble properties.
OLIGOMERS POLYMERS
Figure 1.6 Conjugation-related representative examples of triazole-derived oligomeric 
(32 and 33) and polymeric (34-36) structures as potential materials for 
organic optoelectronics.
In the oligomeric push-pull systems 32 and 33 (Figure 1.6), the triazole linkers play an 
important role as both non-conjugating connectors and electron-withdrawing units favouring 
the charge separation (C S )i97a-97° 7 As a result, full transparency and significant two-photon 
absorption in the visible region are combined in these chromophores in addition to the 
photoluminescence properties. The fast formation of the CS excited state, which strongly 
absorbs in the visible region and has a lifetime of several nanoseconds, is of interest for 
optical-limiting applications.
Similarly, the studies of the photophysical properties of the triazole-derived chromo- 
phoric polymers 3 4 -3 6  revealed that these properties were independent of molecular weight, 
that is, there was only poor electron or energy transport between the chromophoric units 
(through triazole), which retained their individual properties.I97m-97n7 Quantum  chemical 
calculations on two model compounds, based on 1,4-diphenyl-1H-1,2,3-triazole, indicate 
that this is due to the distinct location of the frontier molecular orbitals (FMOs) on different 
parts of the molecule; the H O M O  is predominantly located on the former acetylene part and 
the LUM O is located on the former azide part of the cycloadduct. Protonation in the 3- 
position of the triazole, however, results in a decrease of the H O M O -L U M O  gap and more
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delocalised FMOs, as indicated by a red shift of the emission maximum and a broader and 
unstructured emission profile of, for instance, 3 4 i97m7 The use of electron-donating bis(acet- 
ylene) and electron-withdrawing bis(azide) precursors is expected to further lower the band 
gap of such polymers, which then become of interest as potential organic semiconductors.
O ther studies concerning the conjugation-related characteristics of the triazole moiety 
include modulation of the fluorescence emission upon “clicking” I97p7 or metal coordi­
nation !9^ 7 and the construction of push-pull systems employing the triazole unit as a n- 
conjugated linkeri97d7 The interruption of conjugation in the latter case has a positive effect; 
the longest-wavelength charge-transfer absorptions are found for systems with inefficient 
ground-state donor-acceptor conjugation.
1.3.1.2 Function-related triazole-derived materials
“There is more function to the 1,2,3-triazole unit than first meets the eye.” [97b]
In addition to its heteroaromatic character, the function-related properties of the triazole 
unit have also been studied and, to date, several examples of triazole-derived functional 
materials have been describedi97b-97e-97g-97i-97k7 These properties include the coordination and 
hydrogen-bond-accepting ability of the nitrogen atoms in the 2- or 3-positions, and the 
hydrogen-bond-donating ability of the hydrogen atom in the 5-position. Although the ability 
of the triazole unit to serve as a ligand or hydrogen-bond acceptor is not unusual, the C -H  
hydrogen-bonding ability has emerged as a new non-covalent binding motif. The polarised 
character of the C - H  bond originates from the presence of three electronegative nitrogen 
atoms localised in the ring. As a result, a large dipole moment of approximately 5 D is 
generated and its axis is almost collinear with the C - H  bond. Accordingly, the triazole’s 
anion and cation affinities are reinforced by the ion-dipole interactions. t97b7
Illustrative examples of triazole-derived functional materials 37-41 , which can bind 
anions, cations or both, are depicted in Scheme 1.7. In this case, the heteroaromatic character 
of both molecules is responsible for their size- and shape-persistent structures, which is 
important for achieving strong host-guest binding. Moreover, other introduced (hetero)- 
aromatic moieties can serve as additional hydrogen-bond acceptors (pyridine) and donors 
(benzene) to further increase the binding affinities of the host.
All examples described in the literature can be represented by one of the two structural 
motifs: macrocyclic triazolophane 37 or linear foldamers 38 -41  (the side chains are omitted 
for clarity). In both of these types of structures, the triazole-1,4-diyl units are connected 
through the 1,3-phenylene or pyridine-2,6-diyl spacers, which can adopt three different 
conformations: anti-anti, anti-syn  and syn-syn. In 37, all spacers are restricted to adopt the 
anti-anti conformation, whereas in 38-41 , all three conformations are possible for each 
spacer within the molecule. If all spacers adopt the anti-anti conformation, 38 -41  have 
helically folded structures; in all other cases, the structures of 38 -41  are unfolded.
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receptor (37) and linear anion-/cation-responsive foldamers (38-41); side 
chains are omitted for clarity.
In the case in which pyridin-2,6-diyl spacers are employed (39-41), the anti-anti 
conformation is preferred to the other two, due to the hydrogen-bond stabilisation as 
depicted in Figure 1.7i97k7 Additionally, the folded structures of 40 and 41, which display 
two or more complete turns, are further stabilised by a significant number of n - n  stacking 
contacts. t97f7
The majority of the binding affinity in the case of cyclic receptor 37 arises from its pre­
organised structure; the polarised triazole C -H  bonds and the positive ends of the triazole 
dipoles point towards the centre of the cavity. As a consequence, 37 shows a strong binding 
affinity towards all halide anions. W hat is remarkable, however, is that this association occurs 
solely with the use of C - H —X  hydrogen bonds and arises from within a neutral receptor 
(Scheme 1.7). Both triazole and phenylene C - H  bonds take part in the binding process and
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the following order of the C - H  hydrogen-bond donor strengths was observed: triazole > N- 
linked phenylene > C-linked phenylene. Moreover, each electron-donating group weakens 
the anion-binding affinity and this effect is bigger when the substituent is localised on the 
phenylene unit linked to the triazole through the nitrogen atom. The binding of the halides is 
size-selective; the C l-  and Br-  anions bind inside the cavity stronger than the too-small F­
and the too-large I-  anions by one and a half and almost three orders of magnitude, 
respectively. Also, a remarkably large binding constant was observed for C l-  ion («107 M -1) 
in non-polar solvents, when each of the four benzene rings in 37 was equipped with tert-butyl 
substituenti97e7
In contrast to 37, the analogous open-chain oligomer 38 preferably adopts one of the 
unfolded conformations, which are in equilibria. The folded conformation, however, is 
strongly preferred in the presence of anion templates. As a result of this conformational 
change, the triazole protons and the protons in the 2-position of the 1,3-phenylene moiety 
are projected inwards, with the two terminal phenyl rings overlapping to generate a folded 
structure similar to that of triazolophane 37 (Scheme 1.7)i97e-97g7 Compared with cyclic 37, 
the anion-binding affinities of 38 are much-reduced, emphasising the extreme importance of 
the pre-organisation. Also, the size selectivity is shifted in favour of the larger Br-  and I- 
halides over C l- .
In a different study that appeared at around the same time, an unprecedented behaviour 
of the triazole-pyridine-derived responsive foldamer 40 was observedi97f7 In polar solvent 
systems, the unfolded structure of oligomeric 40 adopted an enantiomerically enriched helical 
conformation when equipped with chiral oligo(ethylene glycol) side chains. It was shown, 
that the stabilisation of the helix by n -n  stacking played an important role in this process; the 
same experiments performed on the shorter oligomer 39, for example, indicated only a slight 
population of the helical conformation. The transfer of chirality from the side chains to the 
backbone in 40 was unexpectedly followed by the inversion of helicity upon the addition of 
achiral halide ion guests (Br-  and Cl- ). Although the process of folding and adopting the 
helical structure (driving force and stabilisation) is understood, the mechanism of the helicity 
inversion remains unclear. “I t  seems likely that the halide ions interact with the oligo(ethylene 
glycol) side chains, thereby altering intramolecular chirality transfer to the (hetero)aromatic 
backbone.” t97f7 Taking into consideration the ability of 38 to bind halide ions, it is likely that 
the structural changes, resulting from binding of the halides inside the helix through 
hydrogen bonding, can also play an important role in the helicity inversion process.
Structures of the same type as 39 and 40 can also effectively bind metals and protons 
when the triazole-pyridine-triazole moiety adopts the syn-syn conformation and serves as a 
tridentate ligandi97k7 Similarly to 40, longer oligomers, such as 41, also adopt a helical 
conformation. Due to the extended structure and larger number of n -n  stacking units, 
however, the folded structure is stabilised in various solvents. Moreover, a conformational 
change (anti-anti to syn-syn), resulting in unfolding of the helix, cross-linking and gel
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formation, takes place upon the addition of various metals (Scheme 1.7). Efficient gelation is 
based on the formation of bridging metal complexes, which not only serve as cross-linking 
points but also impart various functions, potentially useful for the design of new magnetic 
(Fe) or emissive (Eu) materials. t97i7
1.3.2 Scope o f  the copper-catalysed azide-alkyne cycloaddition
Although just few examples of triazole-derived heteroaromatic materials have been 
described, they show some very interesting conjugation- and function-related properties. Yet, 
there are several aspects of “click” triazole chemistry that are open to chemical imagination, 
part of them being a subject of this thesis.
Over the past eight years, the CuAAC reaction has been intensively studied for its 
potential use in many applications. Some of these studies included a detailed mechanistic 
exploration of the CuAAC reaction and the development of several synthetic modifications, 
leading to various 1,4-di- and 1,4,5-trisubstituted triazole derivatives. The current synthetic 
scope and variations of the CuAAC reaction are schematically depicted in Scheme 1.8.
In addition to the thermal, CuAAC and RuAAC reactions, the copper-catalysed azide- 
haloalkyne cycloaddition (CuAHAC) reaction has also been developed.!853-987 Reaction 
conditions employing both iodo-t997 and bromoalkynest1007 were optimised to provide a 
variety of 5-halo-1,4-disubstituted triazoles 42 in excellent yields. The 1,4-disubstituted 5- 
iodotriazoles were first prepared by employing the I+ electrophile to quench the copper­
triazole intermediate 31 during the standard CuAAC cycle (Scheme 1 .6)i1017 Our results, 
obtained while repeating the described protocol, showed that the addition of ICl to the 
mixture of terminal alkyne and Et3N  resulted in the fast formation of iodoalkynes. Thus, a 
mechanistic pathway, similar to those that were proposed later for the conversion of 
iodoalkynes to iodotriazoles,!997 is plausible also in this case.
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Scheme 1.8 Variations of the precursors and the reaction conditions for the preparation 
of triazole derivatives 26, 2 7 and 42-47 by using the CuAAC reaction 
known from the literature.
The halogen substituents in the 5-position of the triazole moiety offer multiple pathways 
for further metal-mediated postmodification, two examples being previously demonstrated. A 
series of aryl, alkynyl and alkenyl derivatives 43 were effectively prepared by means of Suzuki, 
Sonogashira and Heck cross-coupling reactions from the corresponding 5-iodotriazolesi1027 
Alternatively, both halides in 42 can be exchanged for lithium by using butyllithium at low 
temperatures and subsequently reacted with an appropriate electrophile such as benzaldehyde 
to give the corresponding adduct 43. t10° 7 The three-step one-pot procedures, including 
iodoalkyne formation, CuA H A C and subsequent cross-coupling reactions, were also shown 
to be very efficient. t997
Often, the formation of small amounts of 1,4,5-trisubstituted triazoles 44 and 45, 
resulting from the oxidative homocoupling of triazoles or heterocoupling of triazoles with 
terminal alkynes, is observed during the CuAAC reaction. Similarly to the oxidative 
homocoupling of terminal alkynes (Scheme 1.2), these two processes were found to be the 
prevalent pathways in the presence of oxygen (Cu[O]AAC). Eventually, the reactions condi-
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tions were optimised, the presence of base being the key variable, so that 5,5'-bistriazoles 44 
could be obtained as the main products in excellent yields.t1037 Since compounds 27 and 45 
do not react to form 5,5'-bistriazole 44, they cannot be included as the intermediates in this 
reaction. Thus, it seems more likely that the reaction proceeds through the homocoupling of 
two organocopper species via the bis(copper-triazole) intermediate similar to 19 (Scheme 
1.2). The role of the base is to suppress the last step of the CuAAC cycle (proton-copper(l) 
exchange in 31) and in the case of carbonates, to possibly serve as the bridging ligand.!1037
Another approach to easily access bistriazoles has previously been describedi1047 By 
employing the TMS-protected diynes, a variety of 1,1 '-disubstituted 4,4'-bistriazoles 46 were 
obtained. This two-step process included the standard CuAAC reaction and a subsequent in 
situ deprotection-CuAAC step (CuABAC). Similarly, an in situ deprotection-cross- 
coupling reaction, leading to 1-alkynyltriazoles 47, can be employed as the second step.
1.4 O utline o f  the thesis
“I  may not come out alive, but I ’m going in there. There’s only one thing I  want you fellows to 
do... Talk me out of it!”
from The Wizard of Oz (1939)
Motivated by the great potential of the carbon-carbon triple bond to serve as a unique 
synthetic tool and a functional building block for the preparation of (hetero-)carbon-rich n- 
conjugated scaffolds, the main objectives of this thesis were as follows:
Our goal is to develop novel versatile precursors and modular approaches fo r  building new 
functional materials. To achieve this, the conjugation- and function-related acetylenic 
transformations will be employed as the synthetic tool. Whenever possible, the developed synthetic 
methodologies will comprise elegant and selective protocols using the protecting-group strategies, 
when necessary. To induce in these materials self-organisation and response to external specific 
stimuli, the prepared materials will be size- and shape-persistent. The introduction o f additional 
acetylene groups in the periphery o f  the molecules will allow fo r  further postmodification and  
tuning o f  the material’s properties.
Having this in mind, two elementary building blocks, phthalocyanine and benzene, were 
chosen to design different 1D and 2D hetero-carbon-rich scaffolds. Both structures represent 
unique n-conjugated 2D motifs and, owing to their planar symmetry, a large variety of 
phthalocyanine- and benzene-based networks have already been described. To extend the 
pool of these fascinating classes of compounds, two acetylenic transformations, which have so 
far attracted minor attention in this field, were employed as the synthetic tools: the Bergman 
cyclisation and the copper-catalysed azide-(halo)alkyne cycloaddition reactions.
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The schematic outline of the molecular design, as originally planned, is depicted in 
Figure 1.7.
Figure 1.7 Schematic outline of the molecular design (phthalocyanine and benzene 
building blocks are highlighted in bold).
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The detailed synthetic design, including the motivation commentary and the results 
discussion, are overviewed in Chapters 2-6 . The common characteristic of all target 
structures presented in this thesis is the presence of multiple organised triazole rings, which 
can serve to bind metal ions or other guest molecules. Some of the structures possess size- and 
shape-persistent cavities (or half-cavities); others are more likely to organise intermolecularly 
upon doping. We believe that although the triazole approach to carbon-rich functional 
materials is still in its cradle, it has the potential for use in various future applications.
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Chapter 2
A Novel Nodular Approach to Functional 
Phthalocyanines by Using Click Chemistry
Parts of this chapter have been published:
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Chapter 2
Phthalocyanines (Pcs) belong to a magic pool of organic molecules 
that have “dyed” their way to modern science and now continue paving 
the road towards future applications. Despite their great potential, the 
synthetic methodologies leading to Pc derivatives have remained, after 
more than 100 years, somewhat traditional. The Pc trilogy (Chapters 
2 -4 ) describes our recent attempts to develop new routes towards this 
fascinating class of molecules. In this chapter, a novel modular 
approach to octasubstituted Pcs from versatile octaacetylene-derived 
Pc by using the copper-catalysed azide-alkyne cycloaddition 
(CuAAC) reaction is described and this methodology is applied in the 
preparation of various Pc derivatives. Octaacetylene Pc was prepared 
by an elegant and significantly improved protocol and the in situ 
deprotection-CuAAC step was employed as a highly efficient and 
quantitative route to a new class of octatriazole-functionalised Pcs. In 
addition to their easy preparation, the ability of these triazole-derived 
Pcs to form well-defined supramolecular dimeric structures upon 
doping with metals was demonstrated.
2.1 In troduction
In Chapter 1, two elementary building blocks, namely, phthalocyanine (Pc) and benzene 
were chosen for the modular design and synthesis of various 1D and 2D carbon-rich hetero­
structures, which is the subject of this thesis. Chapters 2 -4  describe our attempts to 
modularly access new classes of Pcs by using the copper-catalysed azide-(halo)alkyne 
cycloaddition (CuA(H)AC) and the Bergman cyclisation reactions starting from a common 
versatile precursor, octaacetylene Pc 48 (Scheme 2.1).
Pcs,[3°] man’s analogues of nature’s porphyrins, are an inevitable part of modern science 
and have recently attracted increasing interest as building blocks for the construction of 
molecular devices, such as organic field-effect transistors,t105] optical switching and limiting 
devices,t106] sensors,[105] organic light-emitting devices,[107] low-band-gap molecular solar 
cells[108] and nonlinear optical materialsi106a-109] This is due to their outstanding dye 
properties and the ability to self-assemble, by means of n -n  interactions, into highly ordered 
arrays that can be tuned by careful design of their periphery (e.g., equipping them with 
specific molecular-recognition sites). These arrays exhibit unique photophysical and (opto)- 
electronic properties as a result of excitonic interactions between adjacent dye units.[110]
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Despite their enormous potential, the synthesis of large Pc units bearing sensitive groups 
remains a challenge. This drawback arises from the fact that the cyclic rearrangement reaction 
of the corresponding precursors (Scheme 2.1) to form Pcs usually requires high reaction 
temperatures (>140 °C) and the presence of a strong nucleophile. Moreover, the yields of 
functionalised Pcs obtained in this way are, in many cases, unsatisfactory and purifications 
cumbersome. Another frequently overlooked drawback is that the synthetic routes towards 
substituted phthalonitriles (Pns), the most common precursors to Pcs, are limited to a few 
reactions, which are mainly harsh. Most often Pns are synthesised by cyanation reactions of 
the corresponding ori^o-substituted aryl halides requiring the use of highly toxic (NaCN, 
KCN) or heavy-metal-containing (CuCN, Z n(C N )2) cyanide sources, and/or high 
temperatures (150-250 °C) to obtain reasonably good yields. This significantly lowers the 
overall efficiency when the cyanation step cannot be employed prior to the incorporation of 
sensitive functional groups.t111]
To overcome these problems, an alternative route towards functionalised Pcs, in which 
the peripheral substituents were introduced after Pc core formation, was developed. Such an 
approach required the final step to proceed quantitatively under mild conditions. For this 
purpose, octaacetylene-derived Pc 48 was chosen as a versatile precursor and the efficient 
CuAAC reaction,!82-83! leading to 1H-1,2,3-triazole (triazole) derivatives, was employed as a 
synthetic tool (Scheme 2.1).
Scheme 2.1 Examples of non-fiexible (left) and versatile (right) Pc precursors.
2.2 Results and  discussion
Although the synthesis of octaacetylene Pc 48 was previously described,!112! the reaction 
conditions employed in this synthetic route did not appeal to us. In the original synthetic 
protocol, Leznoff et al. introduced 4,5-diiodophthalonitrile (49) as a key intermediate to 
attach acetylene m oietiesi112-113] The three-step procedure to 49, starting from phthalimide, 
involved a harsh iodination step (reflux in fuming sulfuric acid) and a multi-step, poorly 
reproducible crystallisation procedure of the corresponding product 50 (from a mixture 
containing hydrolysis products of the phthalimide moiety). Thus, novel alternative routes to 
Pn 52, a dibromo analogue of the key intermediate 49, were first explored, employing the 
commercially available compounds 5 3 -5 6  as precursors (Scheme 2.2).
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Scheme 2.2 Original synthetic route to Pc 48 via intermediate 49 and commercial
compounds 53-56 employed as precursors in the synthesis of 52, a dibromo 
analogue of 49 (atoms to be substituted are highlighted in bold).
2.2.1 Synthesis o f  the octaacetylene-derived phthalocyanines
To obtain the target Pc 48 in the most efficient way, the synthesis of its precursor 52 was 
first optimised to: (a) reduce the number of reaction steps; (b) increase the efficiency of each 
step; (c) avoid steps employing harsh reaction conditions; (d) employ simple and selective 
procedures. For this purpose, the commercially available starting materials 53 -5 6  were 
chosen and studied (Scheme 2.2; for each compound, the atoms to be substituted are 
highlighted in bold and the number of steps leading to 52 are given). The four synthetic 
approaches (entries 1 -4 ) that were investigated, each employing one of the starting 
compounds 5 3 -5 6  and one of the methods A -J,t114] are summarised in Table 2.1.
Using 53 and 54, the direct substitution reactions of the hydrogen and fluorine atoms, 
respectively, were carried out to afford 49 or 52 in one step (entries 1 and 2). In the case of 55, 
the hydrogen atoms were first substituted by iodine atoms, which were subsequently 
substituted by nitrile groups to afford 52 in two steps (entry 3). For 56, the two-step 
approach included a direct substitution of the hydrogen atoms by halogen atoms and the 
subsequent transformation of the amino groups into nitrile groups (entry 4). The four-step 
approach included the protection and deprotection of the amino groups. In this case, the 
protection of the amino groups by acetyl functionalities and subsequent bromination in the 
4- and 5-positions were successfully carried out; the removal of the acetyl protecting groups, 
however, did not work under strong acidic or basic conditions. Since this route is a four-step 
approach, it was not further investigated.
From all studied methods, only one method showed a satisfactory result by affording 
intermediate 57 in 45% yield (entry 3, C). In all other cases, the applied methods did not 
afford the desired products and led either to the decomposition of the starting material 
(entries 1 and 4) or its recovery (entries 2 and 3).
3°
CO
Table 2.1 Summary of the studied approaches, employing precursors 53-56, towards 
Pns 49 and 52.
Entry Synthetic approach Method Reaction conditions
Method Yield 
ref.H (%)
A
C
Br2/Ag2SÜ4 (3/2 eq), 
H 2SO4, 150 °C, 20 min
Br2/Ag2SÜ4 (3/2 eq), 
DMF, 150 °C, 20 min
l2/NaIÜ3 (3 eq I+), 
H 2SO4, 40 °C, 1 h
[114d] 0[t] 
-  0[b] 
[114b] 0[b]
D
TBACN (3 eq), MeCN, 
rt, 3 d
KCN (4 eq), DMF, 
130°C, 8 h
KCN (4 eq), 18-crown-6, 
DMF, 130 °C, 8 h
[114a] 0[c]
-  0[c]
-  0[c]
G , H , C
55 57
G
H
C
C*[d]
12/AgOTf (2/2 eq), 
CH2CI2, rt, 3 d
l2/Ag2SÜ4 (2/2 eq), 
CH2Cl2/MeOH, rt, 12 h
l2/NaIÜ3 (3 eq I+), 
H2SO4, 40 °C, 1 h
I2/NaIÜ3 (2 eq I+), 
H2SO4, 0 °C, 4 h
[114c] 0[c]
[114e] 0[c]
[114b] 45
[114b] >90
I
J
G
Br2 (2 eq), CH2Cl2, 
-80  °C !  rt
NBS (2 eq), CHCI3, rt
I2/AgOTf (2/2 eq), 
CH2Cl2, rt, 3 d
-  0[e]
-  0[e] 
[114c] 0[e]
1 B
2 E
F
4
[a] Methods previously described for the preparation of analogous compounds, [b] Hydrolysis of the CN groups 
under the applied reaction conditions occurred. [c] Quantitative recovery of the starting material occurred. 
[d] Variation of the reaction conditions (I+ equivalents, temperature and time) compared with the literature 
procedure. [e] Immediate decomposition of the starting material upon the addition of the electrophile occurred.
Encouraged by the result of the iodination reaction of dibromide 55 using method C 
(45%; entry 3), the described reaction conditions were further optimised to afford the desired
1,2-dibromo-4,5-diiodobenzene (57) in >90% yield (entry 3, C*). It was discovered that low
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temperature (0 °C) and vigorous stirring were important parameters to obtain high selectivity 
(iodination takes place preferably at the 4- and 5-positions) and the crude product could 
easily be separated from the reaction mixture by filtration. Furthermore, since two equivalents 
of the I+ species were sufficient for complete conversion (otherwise a trisubstituted product 
was formed in the reaction mixture complicating the purification of the product), the 
reaction waste only contained the NaHSO4/H2SO4 mixture and could be disposed after 
dilution without a problem.
W ith the cheapest iodination method to datet114b] in hand, affording intermediate 57 in 
an excellent yield, a chemoselective cyanation reaction, which would selectively substitute 
only the iodine atoms in 57, had to be optimised. Since aromatic iodides are significantly 
more reactive in transition-metal-catalysed cross-coupling reactions than aryl bromides, the 
palladium-catalysed cyanation reaction!115! of 57 was chosen and optimised for the 
preparation of 52. The results are summarised in Table 2.2.
First, two of the most commonly used catalytic cyanation procedures (entries 1 and 2) 
were compared. Encouraged by the promising result of the latter (50% conversion of 57 to 
the mono- and disubstituted products), these reaction conditions were further optimised. 
Increasing the amount of the cyanide had a negative effect on the yield of the desired product 
(entries 2, 3 and 4), which is in agreement with the observations reported in the literaturei115] 
Higher concentrations of the cyanide in solution led to the formation of palladium(ll) 
cyanide species, which are almost inactive in the cyanation reaction. Thus, only a slight excess 
(2.4-2.8 equivalents in the case of multiple additions) of cyanide species was used for further 
experiments.
The crucial parameters for the cyanation reaction of ori^o-substituted aryl halides are the 
reaction time and temperature. Typically, longer reaction times (>1 d) and higher reaction 
temperatures (>120 °C) are required to achieve complete conversion; however, the cyclic 
rearrangement of Pns to form Pcs or polymerisation of Pns that occur under similar 
conditions make the reaction very delicate. The influence of the reaction time on the yield of 
the desired product (entries 5, 7 and 9) was studied and it was found that prolongation of the 
reaction time in excess of 48 hours, when maximum efficiency (73%) was achieved, led to 
partial decomposition of the product. This effect is clearly illustrated by entry 11, where no 
product at all could be isolated after 90 hours.
To further increase the yield of 52, the stepwise addition of the catalyst and cyanide 
source (entries 8 and 10) was applied. This, however, led to the decrease of the reaction yield 
of 52 probably due to contamination of the system with oxygen during the addition process. 
The use of an additive had a significant effect; the addition of one equivalent of pyridine to 
the reaction mixture led to an 18% increase in the yield of 52 as a result of the increased 
reactivity of Z n(C N )2-pyridine complex (entries 6 and 7).
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Table 2.2 Palladium-catalysed cyanation reaction of57.W
Entry M CN (eq) Ad.M T  (°C) t (h)
Yield (%)[c]
52 58 57
1 [d] K 2.0 CuI 70 72 10 20 60
2 Zn 3.0 pyridine 110 16 30 20 40
3 Zn 6.0 pyridine 120 8 20 15 55
4 Zn 8.0 pyridine 120 16 15 11 64
5 Zn 2.4 pyridine 120 36 61 13 17
6 Zn 2.4 - 120 48 55 25 10
7 Zn 2.4 pyridine 120 48 73 4 1
8 Zn 2.8[e] pyridine 120 48 47 6 0
9 Zn 2.4 pyridine 120 60 65 _[f] - [f]
10 Zn 2.8[e] pyridine 120 60 52 -[f] 0
11 Zn 2.8[e] pyridine 130 90 0 0 0
[a] 57 (1 eq), Pd(PPh3)4 (0.1 eq), DMF. [b] Additive; CuI (0.1 eq) or pyridine (1 eq). 
[c] Isolated yield. [d] THF was used as the solvent. [e] Catalyst (0.12 eq) and cyanide 
were added in two portions. [f] Yield not determined.
After the iodination and cyanation steps affording the key intermediate 52 in two steps 
starting from 55 were optimised, Pn 52 was used in the synthesis of the target Pc 48. To 
attach the acetylene moieties in the 4- and 5-positions of 52, the Sonogashira cross-coupling 
reaction was employed. In the original procedure employing 49,[112] mild reaction conditions 
(room temperature, 14 h) were sufficient to obtain the desired product 59 in 90% yield. Due 
to the lower reactivity of 52 compared with 49, a higher reaction temperature (60 °C) and a 
prolonged reaction time (14-36 h) had to be applied in our case to obtain comparable 
efficiencies (Table 2.3, entries 1-3).
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Table 2.3 Sonogashira cross-coupling reaction of 52.[a]
Entry
7? 
"j?
CuI
(eq)
Solvent
E-, 
o
'
t
(h)
Yield
(%)
1 0.10 0.40 Et3N 60 14 80
2 0.10 0.40 Et3N 60 24 84
3 0.10 0.40 Et3N 60 36 87
4 0.05 0.20 Et3N/THF (2/1) 60 64 80
5 0.05 0.20 Et3N/THF (2/1) 70 42 97
[a] 52 (1 eq), TBDMSA (2.6 eq), Pd(PPh3)4.
By further increasing the reaction temperature to 70 °C, the catalyst and co-catalyst 
loadings could be halved, which is of interest when considering the scale-up of the reaction, 
although the desired product 59 was still obtained in excellent yield (97%; entry 5). W hen 
using the halved loadings and a standard temperature (60 °C), the efficiency of the reaction 
decreased to 80% (entry 4). The observed 97% efficiency (entry 5) was even higher than that 
previously reported (90%[112]).
Due to the fragility of the acetylene groups (even those protected with bulky tert- 
butyldimethylsilyl groups) to hard nucleophilic alkoxides that are widely used in the Pc 
synthesis, an alternative route using gaseous ammonia was proposed by Leznoff et aL in the 
synthesis of 60, a protected Pc precursor of 49.[112] Using this method, Pc 60 could be 
obtained, after the zinc insertion, in two steps starting from 59 in 24% yield. To increase the 
efficiency of this step, the cyclic rearrangement of 59 was carried out similarly to the 
previously described cyclisation reactions of acetylene-containing Pnst116] using ZnCl2 as a 
template (Scheme 2.3). This resulted in the significantly improved yield of this reaction, 
affording Pc 60 in one step, starting from 59, in 65% yield.
The subsequent deprotection of the acetylene moieties in 60 using an excess of TBAF 
was employed to provide the target molecule 48 in quantitative yield. Compared with the 
original procedure, precipitation with M eOH, instead of column chromatography, was used 
as a purification technique due to the restricted solubility of 48, which also hampered the 
characterisation of the compound.
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Scheme 2.3 Original (top) and template-mediated (bottom) cyclic rearrangements of 
Pn 59 leading, after the deprotection step, to the target Pc 48.
In summary, a novel, significantly improved protocol leading to octaacetylene Pc 48 was 
developed and optimised, affording the target molecule in 41% overall yield starting from
1,2-dibromobenzene (55). Compared with the original synthetic route,[112] the following was 
achieved: (a) the number of steps leading to 52, a dibromo analogue of 49, was reduced from 
three to two; (b) the overall efficiency was increased from 9% to 41%; (c) the harsh 
iodination step was replaced by a mild one; (d) selective procedures were employed.
2.2.2 Triazole-derived phthalocyanines: Synthesis
In spite of the poor solubility of 48 in all organic solvents, the possibility that this 
compound can serve as a unique versatile precursor for the preparation of a wide spectrum of 
novel triazole-derived Pcs by using the CuAAC reaction, was investigated. The development 
of such modular methodology was of interest for three reasons: (a) this approach represents a 
highly efficient, mild and selective route to the potentially interesting Pc derivatives 61 
(Scheme 2.4), including those bearing sensitive groups; (b) incorporation of the triazole 
moiety (stable heterocyclic ligand) can open up new pathways to the controlled self­
organisation of such molecules upon doping with Lewis acids (e.g., metals) at the 
supramolecular level; (c) plausible oxidative coupling through the carbon atoms of the 
neighbouring triazoles in the ortho-position in 61 would afford a flat super-conjugated 
naphthalocyanine system possessing four half-cavities. Points (a) and (b) are the subject of 
this chapter; point (c) is the subject of Chapter 3.
The extremely versatile and robust CuAAC reaction is known to proceed even in 
heterogeneous systems (i.e., in systems in which either the catalyst or the substrates have 
restricted solubility). Unfortunately, this was not the case when the CuAAC reaction was 
carried out using 48 and an excess of 1-azidododecane (62) to provide 61a (Scheme 2.4). The 
reaction proceeded extremely slowly and only traces of the desired product were detected 
even after several weeks.
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Scheme 2.4 Postmodifications of octaacetylene-derivedPcs by using the CuAAC 
reaction: the inefficient CuAAC of 48 (top) and the efficient in situ 
deprotection-CuAAC of 60 (bottom).
The low reactivity of 48 in the CuAAC reaction with 62 can probably be explained by 
the extremely low solubility of 48, which forms non-reactive aggregates and prevents the 
formation of the copper(l) acetylide(s), the first step in the proposed mechanism of the 
CuAAC reaction.t85a] To avoid this problem, the in situ deprotection-CuAAC reaction of 
60, a soluble protected analogue of 48, was studied. It was anticipated that when 60 was 
slowly treated with TBAF in the presence of an excess of copper(l) species, the formation of 
the copper(l) acetylide(s) of 48 would occur prior to the aggregation and precipitation of 48. 
In this case, “activated” 48, with an unspecified number of the acetylene groups bearing a 
copper(l) ion instead of a proton, precipitated out and quantitatively (each acetylene of 48 
underwent the CuAAC reaction) reacted with azide 62 over a period of 24 h (Scheme 2.4). 
We believe that the activated acetylene groups of the insoluble/precipitated copper(l)* 
derivative of 48 are able to react and thereby solubilise the molecule and allow the remaining 
“free” acetylene groups to subsequently react. Strict oxygen-free conditions, however, were 
crucial to obtain pure 61a otherwise a broadening and a red shift of the UV-vis absorption 
maximum of 61a were observed. This is possibly a result of the low reaction rate of the 
insoluble copper(l)* derivative of 48 and, thus, occurrence of side reactions such as the 
acetylenic homocoupling or the partial oxidative coupling of neighbouring triazole groups in 
61a, which result in an extension of the n-conjugation of the Pc core.
The desired product 61a was isolated by precipitation from C H 2Q 2 with M eO H  
followed by size-exclusion chromatography (SEC) and was characterised by 1H  NM R, U V - 
vis and IR  spectroscopic, and MALDI-ToF MS techniques; a characteristic MALDI-ToF MS 
spectrum is depicted in Figure 2.1.
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Figure 2.1 MALDI-ToF MS spectra of 61a: (a) molecular [M + H+] peak at 2458.6 
and the major fragments [M — C12H 2S] and [M — (2 x C12H 2S)] with the 
corresponding H+, N H 4 +, Na+ and K+ peaks (the dimers and higher 
oligomers (not shown) peaks have similarfragmentation); (b) molecular 
peak with the H+, N H 4+, Na+ and K+ adducts and the [M + H+ -  N 2] 
fragment; (c) isotopic distribution of the molecular peak and the calculated 
isotopic distribution (inset).
The disappearance of the acetylene stretches (both C=C and C C -H ) in the IR  spectrum 
indicated that all acetylene moieties underwent the CuAAC reaction. Significant broadening 
of the peaks in the 1H  N M R  spectrum indicated a strong aggregation of 61a. The addition of 
pyridine, which can coordinate to the zinc atom inside the Pc core, did not suppress the 
aggregation of 61a, however, the aggregation could be suppressed by the addition of TFA 
resulting in the sharpening of the N M R  signals.
In the control experiment, a different approach was used in the preparation of triazole- 
derived Pc 61a. Similarly to 60, Pn 59 first underwent the in situ deprotection-CuAAC 
reaction with 62 to afford Pn 63; subsequently, 63 underwent the template-mediated cyclic 
rearrangement reaction to form the desired product 61a (Scheme 2.5).
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Scheme 2.5 Alternative route to triazole-derivedPc 61a.
In this manner, 61a was obtained in 20% overall yield starting from 59; compared with 
the modular approach (59% overall yield starting from 59), this method gave less satisfactory 
result. The isolated products 61a obtained from the two different methods had identical 
characterisation data.
2.2.3 Triazole-derived phthalocyanines: Scope
After the modular approach to triazole-derived Pcs 61 was developed and optimised on a 
model compound 61a, the scope of the developed methodology was investigated. In addition 
to 1-azidododecane (62), azide molecules 6 4 -6 6  were tested in the deprotection-CuAAC 
reaction of octaacetylene-derived Pcs 60 and 67 to afford the desired octatriazole-derived Pc 
derivatives, 61b-61d , in yields >90% (Table 2.4).
Pc 61b, a polar analogue of Pc 61a, was prepared starting from Pc 60 using the standard 
modular approach and triethylene glycol-derived azide 64 (entry 1). In addition to solvents 
showing medium polarity (THF, C H 2Q 2), 61b showed extremely good solubility in polar 
solvents, such as M eOH. In the control experiment, 61b was obtained, similarly to 61a, by 
using the alternative route depicted in Scheme 2.5. In this case, however, the deprotection and 
CuAAC steps were not carried out in situ, but were conducted separately, resulting in an 
improved overall efficiency. Using this method, 61b was obtained in 58% overall yield 
starting from Pn 59; for a comparison, a similar overall yield (59%) starting from 59 was 
obtained using the modular approach. The isolated products 61b obtained from the two 
different methods gave identical characterisation data.
To easily access donor-acceptor multichromophoric systems, such as 61c and 61d, 
which are potentially interesting for photovoltaics applications, functional azides 65 and 66 
were tested in the deprotection-CuAAC reaction of 60 and 67, respectively (entries 2 and 3). 
Similarly to the first two examples, the desired products were isolated, using the standard 
precipitation and SEC techniques, in yields >90%. Their properties and potential 
applications are discussed in the following section.
To the best o f our knowledge, the developed modular methodology to octatriazole- 
derived Pcs 61, by using versatile precursors 60 and 67, and the powerful CuAAC reaction, 
represents the first simplified route to this unique, over a 100-year-old class of materials.
38
CO
Starting , . 
Entry Azide
cmpd R2
Product
1 60 64
60 65
61bta
61c
61d
2
[a] Pc 61b was also prepared using the alternative route depicted in Scheme 2.5 in 58% 
overall yield starting from Pn 59. [b] Octaacetylene-derived Pc 67 was prepared, 
similarly to 60, starting from Pn 59 by using CuSO4 as a template. For both [a] and [b], 
see the Experimental section in this chapter.
2.2.4 Triazole-derived phthalocyanines: Properties and applications
After the modular synthesis of octatriazole-derived Pcs 61 was successfully accomplished, 
the properties of this class of materials were studied. In particular, the self-assembly behaviour 
of 61, bearing eight triazole groups, upon doping with Lewis acids (e.g., metals) was of 
interest. This was studied using UV-vis and fluorescence spectroscopies and the obtained 
results are summarised and discussed below.
The UV-vis spectrum of 61a measured in THF, in which the compound shows good 
solubility, shows an intense Q-band centred at 697 nm. The resonance light scattering (RLS) 
profile of the solution of 61a in T H F  is comparable to the neat solvent, which indicates the 
monomeric nature of the species in solution, most likely with one molecule of the solvent 
coordinated to the zinc inside the Pc core. The sample is strongly fluorescent, showing two 
emission bands centred at 774 and 704 nm, and a very small component at about 625 nm.
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The results of the time-resolved fluorescence measurements of 61a are summarised in 
Table 2.5.
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Table 2.5 Photophysical characterisation data of 61a and 61b.[a]
Entry Sample 2em (nm)M Ti (ns) T2 (ns) T3 (ns) 3r (ns) R h  M W
1 61a
704
5.2
(8%)
2.5
(92%) -
0.6 11
625
5.4
(1%)
1
(4%)
0.06
(95%)
1.7 14-15
704
4 0.1 0.09
0.6 11
2 61a + ZnM
(1%) (4%) (95%)
625
5.1
(1%)
1.2
(2%)
0.12
(97%)
1.7 14
692
10.7 2.6
0.6 11
3 61b
(3%) (97%)
630 6.3
1 0.3 0.6 11
(1%) (15%) (84%)
4 61b + ZnM 630 3.9(1%)
1.1
(3%)
0.1
(96%)
1 13
[a] Measured, in THF at room temperature using fresh solutions of 61a or 61b. [b] 2em is the 
emission wavelength; excitation at 595 nm. [c] The values of the radii of the rotating unit (Rh) 
were obtained from the values of the rotational correlation times (Sr) by using the Perrin 
equation (see the general information in the Experimental section of this chapter). [d] Measured 
at the end of the titration with Zn(OTf)2.
The rotational correlation times (Sr) measured from the two different emission bands at 
704 and 625 nm show two different values, which clearly indicate that the two bands can be 
ascribed to different species in solution. In particular, the radius of the rotating unit (Rh), 
calculated from Sr  by using the Perrin equation, is indicative of the presence of the 
monomeric (Rh = 11 A for the Sd value of 0.6 ns; 704 nm) and dimeric or small oligomeric 
(Rh = 14-15 A for the Sd value of 1.7 ns; 625 nm) species in the solution of 61a (entry 1). 
These observations suggest that, in solution, the molecules of 61a interact by means of the 
chromophoric n - n  interactions. Quasi-elastic light scattering (QELS) measurements 
confirmed the absence of larger aggregates.
As previously mentioned, 61a can serve as a model compound to study the ability to 
control the self-assembly properties of octatriazole-derived Pcs upon doping with Lewis acids. 
To illustrate this, a solution of 61a in T H F  was titrated with zinc(ll) triflate and this process 
was monitored using UV-vis spectroscopy (Figure 2.2a).
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Figure 2.2 Titration of 61a with Zn(OTf)2 in THF: (a) UV-vis absorption titration 
curves; (b) absorbance decrease (696 nm)/increase (656 nm) versus zinc(ll) 
concentration ([61a] = 6.6 pM; T  = 298 K).
The UV-vis spectrum of the formed complex exhibits a Q-band centred at 656 nm, 
which is hypsochromically shifted with respect to the band of the parent Pc (A2 = -4 0  nm). 
The UV-vis titration reveals two break points (#1 and #2) corresponding to the coordination 
of Zn(ll) to 61a in a 1/1 and 2/1 ratio, respectively (Figure 2.2b). After this point, the 
spectrum does not change, indicating a 2 /1  ratio for the final compound, which was found to 
be stable for months. On increasing the amount of the zinc(ll) species in solution, the 
quenching of the fluorescence emission of 61a is also evident (Figure 2.3a).
A (nm) [Z n ] (nM )
Figure 2.3 Titration of 61a with Zn(OTf)2  in THF: (a) fluorescence emission titration 
curves; (b) intensity decrease (705 nm) versus zinc(ll) concentration 
([61a] = 6.6 pM; excitation at 595 nm; T  = 298 K).
The experimental results indicate an almost complete quenching of the fluorescence 
emission on coordination of zinc(ll) to 61a in a 2/1 stoichiometric ratio. Similarly to the 
UV-vis titration, the fluorescence emission titration also reveals two break points
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(#1 and #2) corresponding to the coordination of zinc(ll) to 61a in a 1 /1  and 2 /1  ratio, 
respectively (Figure 2.3b).
These results are indicative of the formation of a cofacial dimer with the stoichiometric 
formula (61a)2Zn4 and the proposed structure depicted in Scheme 2.6. In this structure, each 
zinc atom is coordinated to four triazole groups (two from each Pc) and forces the two Pc 
cores to adopt the cofacial orientation. Efforts to grow a single crystal o f this complex and 
confirm the proposed structure by X-ray spectroscopy are ongoing.
Scheme 2.6 The proposed schematic structure o f the (61a)2Zn4 complex; the zinc atom 
is represented by the yellow sphere.
The results o f the time-resolved fluorescence measurements of the solution of 61a at the 
end of the titration with zinc(ll) triflate (61a + Zn) are summarised in Table 2.5 (entry 2). 
The values of the rotational correlation times (Sr) measured using the two different emission 
bands 704 and 625 nm are the same as those obtained in the absence of the zinc(ll) species 
and correspond to the monomeric and dimeric species in solution, respectively. The 
fluorescence decay for the 704 nm band of 61a + Zn shows triexponential behaviour with a 
short, prevalent lifetime of 0.09 ns, whereas the fluorescence decay for the 704 nm band of 
61a shows biexponential behaviour with a long, prevalent lifetime of 2.5 ns. These results 
indicate that the 704 nm band of 61a + Zn corresponds to species other than the monomeric 
species of 61a in solution, which are absent at the end of the titration of 61a with zinc(ll) 
triflate, and are in agreement with the formation o f the (6 1 a)2Zn4 complex proposed in 
Scheme 2.6. On the contrary, the fluorescence decay for the band at 625 nm of both 61a and 
61a + Zn shows similar triexponential behaviour with short, prevalent lifetimes of 
approximately 0.1 ns, indicating the presence of similar dimeric species. Whereas the cofacial 
geometry of the dimeric species in the presence of the zinc(ll) species is adopted through
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metal coordination, in the absence of the zinc(ll) species, the Pc chromophores can only be 
held together by means of n -n  interactions. QELS measurements performed on the sample of 
61a at the end of the titration confirmed the absence of larger aggregates.
Time-resolved fluorescence measurements of 61b were conducted and the results are 
summarised in Table 2.5. The fluorescence emission spectrum of 61b measured in THF 
shows two different emission bands at 692 and 630 nm, which, compared with 61a, can be 
attributed to the same species in solution (S r for these two bands does not change). The 
addition of zinc(ll) triflate to the solution of 61b in THF, similarly to 61a, results in the 
quenching of the fluorescence emission (the fluorescence lifetime profile data are given in 
Table 2.5, entry 4) and in the slowing down of the rotational diffusion (S r = 1 ns). On the 
basis of a spherical model, the radius of the rotating unit (R h) changes from 11 to 13 A, 
indicating the formation of a dimer or a small oligomer.
Overall, the addition of zinc(ll) triflate to solutions of 61a or 61b in THF induces: 
(a) the quenching of the fluorescence emission, clearly evident from the emission spectra and 
the fluorescence emission profile; (b) the stabilisation of well-defined H-type aggregates, as 
evidenced by the hypsochromic shift o f the absorption bands; (c) the formation of dimeric 
(or very small oligomeric) species (multiple radii calculated by the Perrin equation). To 
further support the proposed dimeric structure, monolayer studies of 61b by using AFM and 
other techniques are currently ongoing. From the perspective of potential applications, the 
ability of other metals to form dimeric complexes with 61 needs to be investigated further. 
For example, (61)2Pt4-type complexes could be of interest as self-assembled catalysts for 
photo-induced transformations.
In addition to the studies on the self-assembly of 61 upon doping, perylenediimide 
(PDI)-derived Pcs 61c and 61d, examples of donor-acceptor multichromophoric macro­
molecules, were studied as potential systems for the harvesting of energy in pseudo-biological 
antennae and photovoltaic assemblies (Figure 2.4).
^ 9 hv
Figure 2.4 Schematic representation of PDI-derived Pcs 61c and 61d (left), the
expected CS stabilisation in these systems (middle) and their self-assembly 
into photovoltaics devices (right).
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In this design, fast intramolecular charge separation (CS) upon excitation of the Pc core 
and high mobility of the generated charges as a result of the intermolecular architecture were 
anticipated (Figure 2.4, middle). From this perspective, 61c and 61d represent unique 
examples in which the two different chromophores, PDI and Pc (PDI serving as an acceptor, 
Pc as a donor), are efficiently built into the same macromolecule with a high ratio (8/1) of the 
sensitising component (PDI) relative to the Pc core.
The detailed photophysical characterisation of 61c, 61d (for the structures, see Table 2.4) 
and a metal-free reference molecule (6 8 ;[117] for the structure, see Figure 2.5) was carried out 
in collaboration with the Cavendish Laboratory in Cambridge; these results are summarised 
in Figure 2.5 and Tables 2.6 and 2.7, and are discussed below. The three studied molecules 
differ in terms of the linking group between the Pc core and the PDI units and whether metal 
ions are coordinated inside the Pc. Compounds 61c and 61d contain a metallated form of the 
Pc (Zn-Pc and Cu-Pc, respectively), whereas compound 68 contains the free-base Pc moiety. 
Compound 61d has a shorter aliphatic linker group (C3) between the Pc and the PDI units 
than those (Cá) for the other structures.
Cyclic voltammetric characterisation, performed on thin films of 61c, 61d and 6 8 , was 
carried out to determine the HOM O and LUMO energy levels of the donor and acceptor 
moieties; the key parameters are shown in Table 2.6.
Table 2.6 Cyclic voltammetric characterisation data of 61c, 61dand 68.[a]
Entry cmpd Ered (V) Eox (V)
Ehomo (eV) 
Pc
Elumo (eV)
PcM PDI
1 61c - 0.68 +0.62 -5.42 -3.72 -4.12
2 61d -0.67 +0.35 -5.15 -3.45 -4.13
3 68 -0.80 +0.55 -5.35 -3.65 -4.00
[a] Measurements were taken at a scan rate of 20 mV s-1 using a Pt working electrode, a Ag/AgCl 
reference electrode and acetonitrile as a solvent. The first oxidation (-Eox) and reduction (Ered) peaks 
are given relative to a ferrocene standard (Fe/Fe(l); 4.8 eV). [b] The values of the Pc LUMO levels 
were inferred from the sum of the measured HOMO levels and the optical-band-gap energy.
In addition to the determination of the potentials associated with the reduction of the 
PDI moieties and oxidation of the Pc cores, it was also possible to estimate the electron 
affinity of the Pc core as being the sum of the HOM O energy level and the optical-band-gap 
energy. The positions of the potentials (HOM O of Pc and LUMO of PDI) were all broadly 
in agreement with the previously reported values.[118] Importantly, it is believed that the 
triazole groups in 61c and 61d do not have any significant effect on the electronic structure 
of the Pc core because it is sterically impossible for the ortho-localised triazole groups to be co-
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planar with the Pc core. It is therefore likely that only inductive effects through the sigma 
bonds are possible.
The absorption spectra for 61c, 61d and 68 were measured in C H O 3, in which each 
compound showed a satisfactory solubility; these results are shown in Figure 2.5.
Figure 2.5 Structure of 68 and absorption spectra of 61c, 61d, 68, free-base Pc and the 
monomeric form of the PDI moiety in CHCI3 (^ 100 mg mL-1); the spectra 
are offset for clarity.
In general, all materials show three distinct absorption peaks between 450 and 550 nm, 
which is characteristic for the S0-S 1 transition of the PDI moiety. The broad features below 
400 nm and those beyond 600 nm are the Soret and the Q-band, respectively, of the central 
Pc unit. The comparison of these spectra with the reference samples of the PDI monomer and 
free-base Pc molecule in C H O 3, however, revealed important differences. In the spectra of 
61c, 61d and 6 8 , a significant redistribution of the oscillator strength in the fine structure of 
the PDI transition can be seen, which is a consequence of the n -n  electronic coupling of the 
PDI units with other conjugated species;[119] these may be other PDI units or the Pc core. 
There are also significant differences in the relative oscillator strengths of the fine structure of 
the Pc transitions, as well as an overall broadening, again indicating the n -n  interactions of 
the Pc core.
The photoluminescence spectrum of 68  (not shown) revealed a significant red-shifted 
emission, which is very characteristic of the presence of an aggregated state of the perylene 
units that are expected to have a relatively low quantum yield.[120] To a lesser extent, this long- 
wavelength feature was also present in the photoluminescence spectra of 61c and 61d. By 
using the quantitative fluorimetry technique!121! in C H O 3 at room temperature, the values of 
the fluorescence quantum yields for 61c, 61d and 68 were found to be significantly low 
(<1%; Table 2.7). The measured value of the quantum yield for the PDI monomeric units in 
solution is 83% and the values of the quantum yields for PDI dimers known from literature 
are of the order of 10%. Such a large reduction in the quantum yields of all compounds is an
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initial indication of other competing, non-radiative pathways, which dominate over simple 
radiative recombinationi122]
Table 2.7 Photophysical characterisation data of 61c, 61dand 6 8  derivedfrom the 
transient-absorption spectroscopic measurements in CHCI3.
Entry
TGSB[a] (ps) Fitted energy- Fluorescence 
quantum yields
(%)[d]
cmpd
PDIM Pc[c]
transfer time
(Ps)
1 61c 5 120 2-5 <1
2 61d 1-2 8000« 1-2 <1
3 68 2 (>95%) 70 2-4 <1
[a] Ground-state bleach lifetime. [b] Excitation at 490-520 nm. [c] Excitation at 650 nm. 
[d] Excitation at 490 nm; the quantum-yield values below approximately 1% are difficult to 
ascertain because of low signal intensity. [e] Based on the fitting of the decay within the first 2 ns.
To gain a better qualitative insight into the photophysical properties of 61c, 61d and 68 
and to probe the effects associated with the non-radiative Pc cores and the coupling between 
the Pc core and the PDI units, transient-absorption (TA) spectroscopic measurements were 
carried out, which allowed us to monitor the dynamics of the excited states of the molecules 
on a timescale of hundreds of femtoseconds;t123] these results are summarised in Table 2.7.
For the reference molecule 6 8 , the ground-state bleach (GSB) of the PDI decays very 
rapidly on a timescale of 2 ps (entry 3). Commensurately, a rise in the intensity of a new Pc 
GSB band at around 665 nm, which then decays away over tens of ps, occurs. By exciting the 
sample at 650 nm, the Pc core can directly be excited and the associated dynamics can be 
measured; the Pc GSB lifetime of 68 was found to be in the range of 70 ps. In addition, the 
TA spectra looked qualitatively very similar when comparing the curve 50 ps after excitation 
at 490-520 nm with the curve 2 ps after excitation at 650 nm, which is compelling evidence 
of a very rapid energy-transfer process from PDI to Pc.
The metallated compounds 61c (Zn) and 61d (Cu) showed TA behaviour that was 
broadly similar to that of 68 (entries 1 and 2) despite the increased oscillator strength of the 
Pc absorption with respect to 68 and the shifting of the Q-band fine structure. In the case of 
61d, however, the Pc GSB shows a greatly increased lifetime of 8 ns. Uniquely amongst these 
samples, 61d shows spectroscopic evidence of strong intermolecular aggregation, even in 
solvent media in which the molecules have a relatively high solubility, such as CHCh.
Finally, these molecules show the ability to form the kinds of aggregated structures that 
may be conducive to the delocalisation of generated charges in the solid state. Further work, 
however, is in progress to fully characterise the physical and photophysical properties in thin
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films to allow for an efficient CS generation and extraction along the stacks for use in solar 
cells. Although the triazole units were introduced to rigidify the linkers in 61c and 61d, these 
molecules still show a significant amount of flexibility, even with a shorter aliphatic linker 
(C3) as in the case of 61d. Adjustments to the rigidity of the linkers, which connect the 
various moieties, and to the arrangement and side substitution of the molecules may 
therefore, in the future, enable the realisation of optimised hierarchical molecular structures 
for pseudo-biological light-harvesting antennae. For this purpose, the developed modular 
approach to quantitatively attach eight substituents to a Pc core by using the CuAAC 
reaction is of great potential. Moreover, the presence of the triazole units in these molecules 
allows us to further control the intermolecular organisation by the addition of metals.
2.3 Conclusion
In summary, a novel, significantly improved protocol for the synthesis of octaacetylene- 
derived Pc 48, employing the mild, easy and inexpensive iodination of 1,2-dibromobenzene 
and subsequent chemoselective cyanation, was developed and optimised. Although 48 does 
not undergo the CuAAC reaction due to solubility restrictions, an in situ deprotection- 
CuAAC reaction employing 60 and 67, the protected analogues of 48, was applied to 
overcome this problem. Using this modular approach, a variety of octatriazole-derived Pcs 
61a-61d  were synthesised for the first time in excellent yields. Based on the demonstrated 
versatility, this method is of great potential for highly efficient, mild and easy access to novel 
functionalised Pcs, in particular those bearing sensitive groups. The performed studies of the 
photophysical properties of this class of Pcs show the ability of 61a and 61b to form well- 
defined supramolecular dimeric structures upon doping with zinc(ll) triflate. From the 
perspective of future applications, Pc complexes with other metals, such as platinum, are of 
interest for further studies and for use as systems in photo-induced catalysis applications. In 
addition, the prepared derivatives 61c and 61d, designed as potential components of solar cell 
devices and, to date, only studied in solution, will be studied in solid films.
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2.5 Experimental section
General. All chemicals and solvents were purchased from commercial sources and used 
without further purification unless stated otherwise. Solvents were distilled prior to use: Et2O, 
THF, toluene (Na); CH2O 2, DIPEA, DMAE, Et3N, MeOH and pyridine (CaH2); Et2NH  
(CaCl2). All cross-coupling, CuAAC and CuAHAC reactions were performed under an argon
47
Chapter 2
atmosphere using Schlenk techniques and deoxygenated solvents (three freeze-pump-thaw 
cycles, <0.4 mbar) unless stated otherwise. Silica gel (0.035-0.070 mm) from Acros or silica gel 
(0.063-0.200 mm) from J. T. Baker were used for column chromatography and silica 60 F254 
coated glass plates from Merck were used for thin-layer chromatography (TLC).
The FT-infrared spectra were recorded on a ThermoMattson IR300 spectrophotometer 
equipped with a Harrick ATR unit. The UV-vis spectra were recorded on a Varian Cary 50 
spectrophotometer. The !H and 13C NMR spectra were recorded on a Bruker DPX-200 
instrument (operating at 200 and 50 MHz, respectively), on a Bruker DMX-300 instrument 
(operating at 300 and 75 MHz, respectively) or on a Varian Inova 400 instrument (operating at 
400 MHz (1H NMR)). All NMR spectra were recorded at 25 °C unless stated otherwise. 
Chemical shifts (S) are reported in parts per million (ppm) relative to the residual peak of the 
solvent (1H and 13C NMR, respectively): acetoned (S = 2.05 and 29.84 ppm), CgDg (S = 7.16 
and 128.06 ppm), CDCl3 (S = 7.26 and 77.00* ppm), D M S O d  (S = 2.50 and 39.52 ppm) and 
THF-ds (S = 3.58 and 67.21 ppm)i124] Multiplicities of the 1H NMR signals are assigned as 
following: s (singlet), d (doublet), t (triplet), m (multiplet), b (broad) or as a combination (e.g., bd 
(broad doublet), dd (doublet of doublets), etc.). Coupling constants are reported as a J  value in 
Hertz (Hz). The number of protons for a given resonance is indicated as nH  and is based on 
spectral integration values. The resolution of the spectrum was increased, when necessary, by 
performing an exponential or TRAF apodisation of the FID by using the MestReNova software. 
A number of 13C NMR signals that overlapped within the resolution limits of the NMR 
technique (after apodisation) are indicated as nC overlapped. EIMS and HRMS (EI) 
measurements were performed on a Micromass VG7070E instrument. ESIMS measurements were 
performed on a Thermo Finnigan LCQ Advantage MAX instrument using MeOH or MeOH/ 
THF (95/5) as the solvent. HRMS (ESI) measurements were performed on a JEOL AccuTOF- 
CS instrument using MeOH or MeOH/THF (95/5) as the solvent. GCMS measurements were 
performed on a Thermo Finnigan PolarisQ GS/MS instrument. MALDI-ToF MS measurements 
were performed on a Bruker BiFLEX III spectrometer operating in linear or reflectron mode.
1,8-Dihydroxyanthracen-9(10H)-one (dithranol), 2-((4-hydroxyphenyl)diazenyl)benzoic acid 
(HABA) or 2,2!:5!,2-tertiophene were used as matrixes. Gel-permeation chromatography (GPC) 
was performed on a size-exclusion chromatographic instrument equipped with a guard column 
and a PLGEL 5 ^m mixed-D column (Polymer Laboratories) with UV-vis detection (700 nm) by 
using THF as an eluent (flow rate = 1 mL min-1; T  = 35 °C). Polystyrene standards in the range 
from 580 to 377,400 g mol-1 were used for calibration.
2-(6-Azidohexyl)-9-(tridecan-7-yl)anthra[2,1,9-de/:6,5,10-d'ef]diisoquinoline-1,3,8,10(2H, 
9H)-tetraone (65) and 2,3,9,10,16,17,23,24-octakis(1-(6-(1,3,8,10-tetraoxo-9-(tridecan-7- 
yl)-9,10-dihydroanthra[2,1,9-de/:6,5,10-d'ef ]diisoquinolin-2(1H,3H,8H)-yl)hexyloxy))- 
phthalocyanine (68) were synthesised by Dr. Paul. H. J. Kouwer and their synthesis is reported 
elsewhere.[117] 2-(3-Azidopropyl)-9-(tridecan-7-yl)anthra[2,1,9-de/:6,5,10-d' e 'f  ]diisoquino- 
line-1,3,8,10(2H,9H)-tetraone (66) was synthesised by Dr. Heather J. Kitto and its synthesis is 
reported elsewhere.[125] Azido-2-(2-(2-methoxyethoxy)ethoxy)ethane (64) is known from the 
literature and was prepared following the described procedure.[126]
* The value 77.00 ppm was used instead of the reported value 77.16 ppm.
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The photophysical measurements of 61a and 61b were carried out at the University of 
Messina (Italy). The UV-vis spectra were carried out in quartz cuvettes (1 cm) on a Hewlett- 
Packard 8453 diode array spectrophotometer. The fluorescence emission and the resonance light 
scattering (RLS) experiments were performed on a Jasco FP-750 spectrofluorometer. In the case of 
RLS measurements, a synchronous scan protocol with a right-angle geometry was adopted. The 
RLS spectra were not corrected for absorption of the samples. The quasi-elastic light scattering 
(QELS) measurements were performed using an experimental set-up based on a Malvern 4700 
submicron particle analyser system and a 20 mW polarised Nd:YAG laser (532 nm) to probe the 
sample. The fluorescence spectroscopic measurements were carried out using a time-correlated 
single photon counting (TCSPC) home-built apparatus. An Ar+ laser operating in the mode- 
locked regime (514 nm) at a repetition rate of 82 MHz synchronously pumped a Rhodamine 6G 
dye laser, providing 580 nm excitation pulses (»2 ps fwhm). The excitation beam is vertically 
polarised by means of a Glan-Taylor polariser. Fluorescence photons are collected (at 90°) through 
a rotating analyser to select the vertically (Ivv) or horizontally (Ivh) polarised signal. The overall 
experimental resolution is approximately 200 ps, essentially due to the rise time of the micro­
channel plate photomultiplier used for the detection of fluorescence photons. The resolution, 
however, can be improved by using the nonlinear least-squares iterative reconvolution procedure 
based on the Marquardt algorithm to analyse the collected data; in this way, a resolution of more 
than 50 ps can be obtained. In the case of the fluorescence decay curves, the fluorescence lifetimes 
(tí) and their relative amplitudes («i) were obtained by fitting to the following multiexponential 
decay law:[127]
I(t) = Io X [a exp(tAn)]
The characteristics of the decay of the fluorescence anisotropy, defined as:
r(t) = [Ivv(t) -  IvH(t)]/[Ivv(t) + 2IvH(t)] = D(t)/S(t)
were calculated, through a two-step procedure,[127] by using the following decay law:
D(t) = S(t) r(t) = (ro -  rJ) exp(-t/-§R.) + r»
in which ro is the anisotropy in the absence of rotational diffusion, r» is the plateau in the 
anisotropy decay curve and Sr is the rotational correlation time. The quality of the fit was 
evaluated on the basis of the reduced chi-square values (typically close to unity for all the decay 
curves) and the residual plots, ensuring that the latter are randomly distributed. The value of the 
rotational correlation time Sr was used to estimate the radius of the rotating unit (Rh) in the 
approximation of spherical molecules (the Perrin equation):!127!
S r= (nV)/(kBT)
in which n is the viscosity of the medium, V  is the volume of the rotating unit, T  is the 
temperature and he, is the Boltzmann constant.
The photophysical measurements of 61c, 61d and 68 were carried out at the Cavendish 
Laboratory (Cambridge, UK). For the transient-absorption (TA) experiments, solutions of the 
materials in CHCh (10-100 ^g mL-1) were excited at 490-520 or 650 nm by using the output of 
a commercial TOPAS (Light Conversion) pumped by an amplified Ti:sapphire laser system 
(Spectra-Physics Tsunami and Spitfire system) with a pulse duration of approximately 100 fs.
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More concentrated solutions were also studied, but no changes in kinetics were observed. The 
excitation power density was varied between 50 and 300 J^ cm-2 by using conventional neutral 
density filters. The TA behaviour was then probed with a white-light continuum, derived from a 
home-built, non-collinear optical parametric amplifier (NOPA) setup.[128] The NOPA generates 
an amplified white-light continuum in the range of 500-800 nm. A fraction (»10 J  of the 
output of the regenerative amplifier is focused into a 2 mm thick sapphire plate for white-light 
seed generation, which is then amplified in a BBO crystal (cut at 32°) by overlapping with a 
focused 400 nm pump (50 J  under a non-collinear angle, which allows for broadband phase 
matching. Only reflective optics are used to focus and collimate the white-light seed and the 
NOPA output to reduce the chirp of the white light. Both the 500 nm pump and the white-light 
probe are focused into the sample solution, which is held in a 1 mm thick quartz glass cuvette. 
Optimal spatial overlap is guaranteed by a significantly smaller probe beam spot. The probe beam 
arrival is varied in time, relative to the pump pulse, by the use of an optical-delay line.
Normal-incidence UV-vis absorption measurements were made using a Hewlett-Packard 
8453 spectrophotometer. Photoluminescence spectra were measured using a calibrated fluores­
cence spectrophotometer (Cary Eclipse).
General procedure 2.1 for the Sonogashira cross-coupling reactions. Aryl halide, CuI 
and palladium catalyst were placed in a Schlenk tube equipped with a stirrer and the system was 
evacuated and filled with argon three times. After the addition of the solvent and terminal alkyne, 
the resulting mixture was heated in a closed system under an argon atmosphere before it was 
quenched with aq. NH 4Q  (1M). The crude product was extracted with CH2Q 2 and the 
combined organic layers were dried over Na2SO4. After filtration, the solvents were evaporated 
and the residue was purified by column chromatography on silica gel to afford the pure product.
General procedure 2.2 for the CuAAC reactions. Azide, terminal alkyne and CuI were 
placed in a Schlenk tube equipped with a stirrer and the system was evacuated and filled with 
argon three times. After the addition of THF and PMDTA, the resulting mixture was stirred 
under an argon atmosphere before it was quenched with aq. NH 4O  (1M). The crude product was 
extracted with CH2O 2 and the combined organic layers were dried over Na2SO4. After filtration, 
the solvents were evaporated and the residue was purified by column chromatography on silica gel 
to afford the pure product.
General procedure 2.3 for the cyclisation reactions to form phthalocyanines. A mixture 
of Pn(s), metal template (ZnCl2 or CuSO4) and DMAE was heated to 140 °C under an argon 
atmosphere before the solvent was evaporated. The residue was purified by either column 
chromatography on silica gel, size-exclusion chromatography or precipitation, or a combination of 
the three techniques. In the case of zinc Pcs, Pc products containing coordinated pyridine were 
isolated when pyridine was used as an eluent during column chromatography; pyridine-free Pc 
products were obtained after an extractive work-up (aq. HCl (5%), aq. NaOH (1M) and aq. 
NH 4O  (10%)) and/or precipitation from CH2Q 2 with MeOH.
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2.5.1 Synthesis o f  the azide and phthalonitrile precursors
1-Azidododecane (62). A mixture of 1-bromododecane (10.0 g, 40.1 mmol), NaN3 (2.90 g,
afford the pure product (8.47 g, >99%) as a colourless oil. 1H NMR (300 MHz, CDCh, ppm) § 
3.24 (t, J  = 7.0 Hz, 2H, CH2N 3), 1.64-1.54 (m, 2H, CH2CH2N 3), 1.38-1.27 (m, 18H, CH2), 
0.92-0.84 (m, 3H, CH3). 13C NMR (75 MHz, CDCh, ppm) § (1C overlapped) 51.5 (CH2), 31.9 
(CH2), 29.6 (CH2), 29.5 (CH2), 29.46 (CH2), 29.3 (CH2), 29.1 (CH2), 28.9 (CH2), 26.7 (CH2),
22.7 (CH2), 14.0 (CH3). IR (neat, cm-1) Vmax 2960, 2923, 2853, 2094 (N3), 1469, 1254. The 
1H NMR and IR spectroscopic data are in agreement with those previously described^129
1,2-Dibromo-4,5-diiodobenzene (57). A mixture of finely ground I2 (3.43 g, 13.5 mmol),
dissolved in CHCh (0.5 L), washed with aq. NaHSO3 (10%) and dried over Na2SO4. After
166 °C. 1H NMR (300 MHz, CDCh, ppm) § 8.05 (s, 2H, CaH). 1H NMR (300 MHz, acetone- 
d6, ppm) § 8.22 (s, 2H, CaH). 13C NMR (75 MHz, CDCh, ppm) § 142.5 (CH), 125.3, 106.8. 
13C NMR (75 MHz, acetoned, ppm) § 143.4 (CH), 125.7, 108.2. IR (neat, cm-1) Vmax 3055, 
1734, 1603, 1517, 1429, 1404, 1279, 1242, 1205, 1149, 1002, 876, 424. EIMS m /z (%) 490 
( M  + 4], 50), 488 ( M  + 2], 100), 486 ([M+ ]^, 55), 363 (13), 361 (23), 359 (13), 236 (9), 234 
(18), 232 (10), 155 (14), 153 (14), 74 (66). HRMS (EI) m /z  calcd for C6H2Br2I2 485.6614, 
found 485.6614 (|A| = 0.1 ppm). Anal. calcd for C6H2Br2I2 14.78 (C), 0.41 (H); found 15.06 
(C), 0.52 (H). The NMR spectroscopic and EIMS data are in agreement with those previously 
described.[130]
Procedure 2.4 for the cyanation reaction o f 57 by using KCN. 57 (1.0 g, 2.1 mmol), KCN 
(0.27 g, 4.1 mmol), CuI (39 mg, 0.21 mmol) and Pd(PPh3)4 (0.24 g, 0.21 mmol) were placed in a 
Schlenk tube equipped with a stirrer and the system was evacuated and filled with argon three 
times. After the addition of THF (25 mL), the mixture was heated to reflux for 72 h under an 
argon atmosphere before the reaction was quenched with aq. N H 3 (10%). The crude products 
were extracted with CHCh and the combined organic layers were washed with aq. NH 4O  (10%) 
and dried over Na2SO4. After filtration, the solvent was evaporated and the residue was purified by 
column chromatography on silica gel using hexane/CH2Ch (4/1 and 2/1) to afford the mono- 
and disubstituted products 58 and 52, respectively.
General procedure 2.5 for the cyanation reaction o f 57 by using Zn(CN)2. 57, Zn(CN)2 
and Pd(PPh3)4 were placed in a Schlenk tube equipped with a stirrer and the system was evacuated 
and filled with argon three times. After the addition of DMF (20 mL, <0.01% H 2O) and pyridine,
44.7 mmol) and MeOH (80 mL) was heated to reflux overnight before 
the solvent was evaporated. After the addition of CHCh, the white 
precipitate was filtered off and the residual solvent was evaporated to
NaIO3 (1.34 g, 6.76 mmol) and H2SO4 (160 mL, 90% (v/v)) was stirred at 40 °C for 
1 h in the dark before it was cooled down to 0 °C. 1,2-Dibromobenzene (4.00 g,
16.9 mmol) was added in one portion and the resulting mixture was vigorously 
stirred at 0 °C for 4 h before it was poured onto ice (400 g). The formed white 
precipitate was filtered off, washed with an excess of water (1 L) and subsequently
filtration, the solvent was evaporated and the residue was dried under vacuum to give 8.16 g of the 
crude product. Crystallisation from CHCh/hexanes or column chromatography on silica gel 
using hexanes afforded the pure product (7.44 g, >90%) as a white crystalline solid. Mp 165-
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the mixture was heated under an argon atmosphere before it was quenched with aq. N H 3 (10%). 
In the cases when additional quantities of Zn(CN)2 and Pd(PPh3)4 were used, the mixture was 
cooled down to room temperature and the solids were added portion-wise under a positive flow of 
argon. The crude products were extracted with CHCI3 and the combined organic layers were 
washed with aq. NH 4O  (10%) and dried over Na2SO4. After filtration, the solvent was evaporated 
and the residue was purified by column chromatography on silica gel using hexane/CH2Cl2 (4/1 
and 2/1) to afford the mono- and disubstituted products 58 and 52, respectively.
4,5-Dibromophthalonitrile (52).
Method A. See Procedure 2.4 (p 51).
Y T  Method B. See General procedure 2.5 (p 51): 57 (0.50 g, 1.0 mmol), Zn(CN)i 
Br CN (0.18 g, 1.5 mmol), Pd(PPhj)4 (0.12 g, 0.10 mmol), pyridine (80 jiL, 1.0 mmol), 
DMF (20 mL), 110 °C, 16 h.
Method C. See General procedure 2.5 (p 51): 57 (0.79 g, 1.6 mmol), Zn(CN)2 (0.57 g,
4.9 mmol), Pd(PPh3)4 (0.19 g, 0.16 mmol), pyridine (0.13 mL, 1.6 mmol), DMF (30 mL), 
120 °C, 8 h.
Method D. See General procedure 2.5 (p 51): 57 (1.0 g, 2.1 mmol), Zn(CN)2 (0.98 g,
8.4 mmol), Pd(PPh3)4 (0.24 g, 0.21 mmol), pyridine (0.17 mL, 2.1 mmol), DMF (40 mL), 
120 °C, 16 h.
Method E. See General procedure 2.5 (p 51): 57 (0.99 g, 2.0 mmol), Zn(CN)2 (0.29 g,
2.4 mmol), Pd(PPh3)4 (0.23 g, 0.20 mmol), pyridine (0.16 mL, 2.0 mmol), DMF (20 mL), 
120 °C, 36 h.
Method F. See General procedure 2.5 (p 51): 57 (0.50 g, 1.0 mmol), Zn(CN)2 (0.14 g,
1.2 mmol), Pd(PPh3)4 (0.12 g, 0.10 mmol), DMF (20 mL), 120 °C, 48 h.
Method G. See General procedure 2.5 (p 51): 57 (0.50 g, 1.0 mmol), Zn(CN)2 (0.14 g,
1.2 mmol), Pd(PPh3)4 (0.12 g, 0.10 mmol), pyridine (80 ^L, 1.0 mmol), DMF (20 mL), 
120 °C, 48 h.
Method H. See General procedure 2.5 (p 51): 57 (1.1 g, 2.2 mmol), Zn(CN)2 (0.26 g,
2.2 mmol), Pd(PPh3)4 (0.20 g, 0.18 mmol), pyridine (0.18 mL, 2.2 mmol), DMF (20 mL), 
120 °C, 24 h, Zn(CN)2 (0.10 g, 0.88 mmol), Pd(PPh3)4 (0.10 g, 88 |zmol), 120 °C, 24 h 
(total 48 h).
Method I. See General procedure 2.5 (p 51): 57 (0.56 g, 1.2 mmol), Zn(CN)2 (0.16 g,
1.4 mmol), Pd(PPh3)4 (0.13 g, 0.12 mmol), pyridine (93 ^L, 1.2 mmol), DMF (25 mL), 
120 °C, 60 h.
Method J. See General procedure 2.5 (p 51): 57 (0.50 g, 1.0 mmol), Zn(CN)2 (0.12 g,
1.0 mmol), Pd(PPh3)4 (92 mg, 80 ^mol), pyridine (80 ^L, 1.0 mmol), DMF (20 mL), 
120 °C, 24 h, Zn(CN)2 (47 mg, 0.40 mmol), Pd(PPh3)4 (47 mg, 40 ^mol), 120 °C, 36 h 
(total 60 h).
Method K. See General procedure 2.5 (p 51): 57 (2.0 g, 4.1 mmol), Zn(CN)2 (0.48 g,
4.1 mmol), Pd(PPh3)4 (0.38 g, 0.33 mmol), pyridine (0.33 mL, 4.1 mmol), DMF (50 mL),
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130 °C, 46 h, Zn(CN)2 (0.19 g, 1.6 mmol), Pd(PPh3)4 (0.19 g, 0.16 mmol), 130 °C, 44 h 
(total 90 h).
The pure product (57 mg, 10% (method A); 87 mg, 30% (method B); 92 mg, 20% (method 
C); 90 mg, 15% (method D); 0.35 g, 61% (method E); 0.16 g, 55% (method F); 0.21 g, 73% 
(method G); 0.29 g, 47% (method H); 0.21 g, 65% (method I); 0.15 g, 52% (method J)) was 
obtained as a white solid. 1H NMR (300 MHz, CDCL, ppm) 8 8.05 (s, 2H, CatH). 
13C NMR (75 MHz, CDCL, ppm) 8 137.7 (CH), 131.5, 115.4, 113.6. IR (neat, cm-1) 
3082, 2234 (C=N), 1564, 1335, 1116, 911, 800, 645, 532. EIMS m /z (%) 288 ( M  + 4], 
60), 286 ( M  + 2], 100), 284 ([M+-], 64), 207 (15), 205 (17), 125 (19), 99 (10), 75 (17). 
HRMS (EI) m /z  calcd for CsH2N 2Br2 283.8585, found 283.8597 (|A| = 4.2 ppm). Anal. 
calcd for C s ^ ^ B n  33.61 (C), 0.71 (H), 9.80 (N); found 33.69 (C), 0.87 (H), 9.73 (N). 
The 1H NMR and IR spectroscopic, and EIMS data are in agreement with those previously 
described.[112]
4,5-Dibromo-2-iodobenzonitrile (58). The monosubstituted side product (0.15 g, 20% 
(method A); 77 mg, 20% (method B); 94 mg, 15% (method C); 89 mg, 11% 
 ^ (method D); 0.10 g, 13% (method E); 97 mg, 25% (method F); 15 mg, 4% 
(method G); 51 mg, 6% (method H)) was obtained as a white solid 
containing approximately 5% of unknown impurities (!H NMR) that could 
not be removed by either column chromatography or crystallisation from 
MeOH or pentane/CH2Cl2. 1H NMR (300 MHz, CDCL, ppm) 88.17 (s, 1H, CatH), 7.80 
(s, 1H, CatH). 13C NMR (75 MHz, CDCL, ppm) 8 143.5 (CH), 137.8 (CH), 131.3, 125.4,
121.0, 117.5, 96.3. IR (neat, cm-1) ymax 2225 (C=N). EIMS m /z (%) 389 ([M+- + 4], 50), 
387 ([M+  ^+ 2], 100), 385 ([M+-], 52), 262 (11), 260 (23), 258 (12), 181 (13), 179 (13), 100 
(27), 74 (6). HRMS (EI) m /z calcd for CyHNB^I 384.7599, found 384.7603 (|A| =
1.0 ppm).
4,5-Bis(/eri-butyldimethylsilylethynyl)phthalonitrile (59). See General 
procedure 2.1 (p 50).
Method A. 52 (0.73 g, 2.5 mmol), tert-butyldimethylsilylacetylene (0.92 g,
6.6 mmol), CuI (0.19 g, 1.0 mmol), Pd(PPh3)4 (0.29 g, 0.25 mmol), Et3N  
(25 mL), 60 °C, 14 h.
Method B. 52 (0.36 g, 1.3 mmol), tert-butyldimethylsilylacetylene (0.46 g,
3.3 mmol), CuI (96 mg, 0.50 mmol), Pd(PPh3)4 (0.15 g, 0.13 mmol), Et3N  
(20 mL), 60 °C, 24 h.
Method C. 52 (0.56 g, 2.0 mmol), tert-butyldimethylsilylacetylene (0.73 g, 5.2 mmol), CuI 
(0.15 g, 0.79 mmol), Pd(PPh3)4 (0.23 g, 0.20 mmol), Et3N (25 mL), 60 °C, 36 h.
Method D. 52 (1.0 g, 3.6 mmol), tert-butyldimethylsilylacetylene (1.3 g, 9.4 mmol), CuI 
(0.14 g, 0.72 mmol), Pd(PPh3)4 (0.21 g, 0.18 mmol), Et3N/THF (30 mL, 2/1), 60 °C, 64 h.
Method E. 52 (0.87 g, 3.0 mmol), tert-butyldimethylsilylacetylene (1.1 g, 7.9 mmol), CuI 
(0.12 g, 0.60 mmol), Pd(PPh3)4 (0.17 g, 0.15 mmol), Et3N/THF (30 mL, 2/1), 70 °C, 42 h.
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Column chromatography on silica gel using hexane/CHiCli (2/1) afforded the pure product 
(0.83 g, 80% (methodA); 0.43 g, 84% (method B); 0.69 g, 87% (method C); 1.2 g, 80% 
(method D); 1.2 g, 97% (method E)) as an off-white solid. !H NMR (300 MHz, CDCl3, 
ppm) 8 7.83 (s, 2H, CaH), 1.00 (s, 18H, CCH3), 0.21 (s, 12H, SiCH). 13C NMR 
(75 MHz, CDCl3, ppm) 8 137.3 (CH), 130.5, 114.4, 114.2, 105.8, 100.4, 26.1 (CH3), 16.7, 
-4.90 (CH3). IR (neat, cm-1) ¿max 2952, 2928, 2856, 2232 (C=N), 2159 (C=C), 1482,
1250, 837. EIMS m /z  (%) 404 ([M+^], 10), 347 (92), 291 (20), 73 (100). HRMS (EI) m/z 
calcd for C24H32N2Si2 404.2104, found 404.2097 (|A| = 1.8 ppm). Anal. calcd for 
C24H32N2Si2 71.23 (C), 7.97 (H), 6.92 (N); found 71.22 (C), 7.99 (H), 6.66 (N). The NMR 
and IR spectroscopic, and EIMS data are in agreement with those previously described.!112!
4.5-Diethynylphthalonitrile (69). According to the previously described method:!112! 
a mixture of 59 (0.16 g, 0.40 mmol), TBAF (5 drops, 1M in THF), water 
(10 drops) and THF (20 mL) was stirred at room temperature for 1 h before the 
solvent was evaporated. The residue was purified by column chromatography on 
silica gel using CH 2Cl2/hexane (1/1) to afford the pure product (61 mg, 87%) as 
a white solid. 1H NMR (300 MHz, C D C k ppm) 8 7.90 (s, 2H, CaH), 3.69 (s,
2H, CCH). 13C NMR (75 MHz, C D O 3, ppm) 8 137.0, 130.3, 115.2, 114.2, 88.2, 78.6. IR (neat, 
cm-1) imax 3260 (CC-H), 2236 (C=N), 2109 (C=C), 1737, 1593, 1360, 1175, 913, 683, 539. 
The NMR and IR spectroscopic data are in agreement with those previously described.!112!
4.5-Bis(1-dodecyl-1-ff-1,2,3-triazol-4-yl)phthalonitrile (63). A mixture of 59 (0.13 g, 
0.31 mmol), 62 (0.14 g, 0.68 mmol) and CuI (72 mg, 0.38 mmol) was 
placed in a Schlenk tube equipped with a stirrer and the system was 
evacuated and filled with argon three times. After the addition of THF 
(10 mL) and PMDTA (79 mg, 0.46 mmol), the resulting mixture was stirred 
at room temperature in the dark for 3 h. Over this period, TBAF (0.39 mL, 
1M in THF) was added portion-wise to the reaction mixture and the
resulting solution was stirred for an additional 1 h before the reaction was quenched with aq. 
NH 4Cl (10%). The crude product was extracted with CH2Cl2 and the combined organic layers 
were dried over Na2SO4. After filtration, the residue was purified by column chromatography on 
silica gel using pentane/ethyl acetate (5/1) to afford 0.20 g of red solid containing the product. 
After the addition of hot MeOH, the red impurity was filtered off and crystallisation from the 
cooled MeOH solution (freezer) afforded the pure product (0.12 g, 65%) as a yellowish solid. 
1H NMR (400 MHz, C D Q 3, ppm) 8 8.25 (s, 2H, CaH), 7.65 (s, 2H, CaH), 4.36 (t, J  = 7.2 Hz, 
4H, NCH2), 1.96-1.84 (m, 4H, NCH 2CH2), 1.36-1.18 (m, 36H, CH2), 0.91-0.84 (m, 6H, 
CH3). 13C NMR (75 MHz, C D C k ppm) 8 (1C overlapped) 143.2, 135.2 (CH), 134.5, 123.8 
(CH), 115.0, 114.9, 50.7 (CH2), 31.9 (CH2), 30.2 (CH2), 29.6 (CH2), 29.5 (CH2), 29.4 (CH2),
29.3 (CH2), 28.9 (CH2), 26.4 (CH2), 22.6 (CH2), 14.1 (CH3). IR (neat, cm-1) ¿ w  2953, 2921, 
2851, 2232 (C=N), 1470, 1456, 1236, 1219, 1046, 917, 826, 666. HRMS (EI) m /z calcd for 
C36H 54N 8 598.4472, found 598.4476 (|A| = 0.7 ppm).
C||H23 n --n
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4,5-Bis(1-(2-(2-(2-methoxyethoxy)ethoxy)ethyl)-Lff-1,2,3-triazol-4-yl)phthalonitrile 
(70). See General procedure 2.2 (p 50): 69 (93 mg, 0.53 mmol), 64 (0.21 g,
1.1 mmol), Cul (0.11 g, 0.58 mmol), THF (15 mL), PMDTA (0.12 g, 
0.70 mmol), room temperature, 44 h. Column chromatography on silica gel 
using ethyl acetate and ethyl acetate/EtOH (7/3) afforded the pure product 
(0.29 g, >99%) as a light brown oil. !H NMR (300 MHz, CDCI3, ppm) 8 
8.26 (s, 2H, CaH), 7.84 (s, 2H, CaH), 4.54 (t, J  = 4.6 Hz, 4H, NCH2), 
3.85 (t, J  = 4.6 Hz, 4H, OCH2), 3.65-3.48 (m, 12H, OCH 2), 3.48-3.38 (m, 4H, OCH 2), 3.24 (s, 
6H, OCH3). 13C NMR (75 MHz, C D Q 3, ppm) 8 142.9, 135.1 (CH), 134.5, 125.2 (CH), 115.0,
114.5, 71.7 (CH2), 70.30 (CH2), 70.28 (CH2), 70.2 (CH2), 69.0 (CH2), 58.7 (CH3), 50.3 (CH2). 
IR (neat, cm-1) ymax 2872, 2822, 2232 (C=N), 1605, 1566, 1457, 1353, 1226, 1102, 1049, 983, 
922, 846, 698, 512. HRMS (ESI) m /z calcd for C26H34N 8O6 + H+ 555.26795, found 555.26739 
(|A| = 1.02 ppm).
2.5.2 Synthesis o f  the octaacetylene-derived phthalocyanines
2.3.9.10.16.17.23.24-Octakis(ieri-butyldimethylsilylethynyl)phthalocyanatozmc(ll)
(60). See General procedure 2.3 (p 50): 59 (525 mg, 
1.30 mmol), ZnCl2 (44.2 mg, 0.325 mmol), DMAE (4 mL), 
overnight. Column chromatography on silica gel using CHCl3 
and CHCWEtOH (99/1), and precipitation from CH2O 2 
with MeOH afforded the pure product (355 mg, 65%) as a 
dark green solid. 1H NMR (300 MHz, C D O 3, ppm) 8 9.51 
(s, 8H, CaH), 1.20 (s, 72H, CCH3), 0.40 (s, 48H, SiCHs). 
1H NMR (300 MHz, CsDs, ppm) 8 9.83 (s, 8H, C aH ), 1.29 
(s, 72H, CCH3), 0.50 (s, 48H, SiCH3). 13C NMR (75 MHz, 
CDCl3, ppm) 8 153.6, 137.0, 127.7 (CH), 126.7, 104.8, 99.2,
26.5 (CH3), 17.0, -4 .34 (CH3). 13C NMR (75 MHz, C6D6, 
ppm) 8 153.7, 137.7, 128.5 (CH), 127.3, 105.9, 99.6, 26.8
(CH3), 17.3, -3 .97 (CH3). IR (neat, cm-1) imax 2953, 2928, 2885, 2856, 2154 (C=C), 1254, 
1091, 841, 807, 776. UV-vis (THF, nm) Imax 712, 680, 640, 375. MALDI-ToF MS (dithranol) 
m /z  calcd for C96H i28NsSi8Zn + H+ 1681.77, found 1681.81. GPC (THF) = 8.55 min, Mn = 
1927 g mol-1, Mw/Mn = 1.06. The 1H NMR, IR and UV-vis spectroscopic data are in agreement 
with those previously described.!112!
2.3.9.10.16.17.23.24-Octaethynylphthalocyanatozinc(II) (48). A mixture of 60 (0.17 g, 
0.10 mmol), TBAF (5 mL, 1M in THF), water (10 drops) and THF 
(100 mL) was stirred for 42 h under an argon atmosphere. After the 
volume was reduced to approximately 30 mL, several precipitations with 
MeOH afforded the pure product (78 mg, >99%) as a dark green solid. 
IR (neat, cm-1) imax 3248 (b, C C -H ), 2101 (C=C), 1290, 1084, 1009, 
801, 743. UV-vis (THF, nm) Imax 699, 667, 629, 368. MALDI-ToF MS 
(dithranol) m /z calcd for C48H 16NsZn 768.08, found 767.59. 
Significant broadening of the NMR signals, caused by the restricted 
solubility and aggregation of 48, did not allow interpretation of the
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NMR spectra. The IR and UV-vis spectroscopic data are in agreement with those previously 
described.[112]
2,3,9,10,16,17,23,24-Octakis(ieri-butyldimethylsilylethynyl)phthalocyanatocopper(n)
(67). See General procedure 2.3 (p 50): 59 (167 mg, 
0.413 mmol), CuSO4 (16.5 mg, 0.103 mmol), DMAE 
(1.5 mL), overnight. Column chromatography on silica gel 
using CHCVhexane (1/1) and precipitation from CHCl3 
with MeOH afforded the pure product (95 mg, 55%) as a 
dark green solid. IR (neat, cm-1) imax 3023, 2951, 2925, 2853, 
2149 (C=C), 1770, 1730, 1490, 1451, 1098, 842, 699. UV- 
vis (THF, nm) Imax 701, 668, 629, 364, 302. MALDI-ToF MS 
(dithranol) m /z calcd for C96H 128CuNsSi8 1679.78, found 
1679.75. Significant broadening of the NMR signals, caused 
by the presence of an unpaired electron in the copper(ll) d 
orbitals, did not allow interpretation of the NMR spectra.
2.5.3 Synthesis o f  the octatriazole-derived phthalocyanines
General procedure 2.6 for the CuAAC reaction o f 60 and 67. Protected octaacetylene- 
derived Pcs 60 or 67, azide and CuI were placed in a Schlenk tube equipped with a stirrer and the 
system was evacuated and filled with argon three times. After the addition of THF and PMDTA, 
the mixture was stirred until all CuI dissolved (»10 min) before TBAF (1M in THF) was added 
dropwise and the reaction mixture was stirred at room temperature under an argon atmosphere. 
After the reaction was quenched with aq. N H 3 (10%), the crude product was extracted with 
C H Q 3 and the combined organic layers were washed with aq. NH 4Q  (10%), and dried over 
Na2SO4. After filtration, the solvent was evaporated and several precipitations from CH 2Cl2 with 
MeOH and/or size-exclusion chromatography using CH2Cl2 afforded the pure product. The 
complete disappearance of the acetylene stretches (C=C) in the IR spectra was observed.
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2,3,9,10,16,17,23,24-Octakis(1-dodecyl-1-ff-1,2,3-triazole-4-yl)phthalocyanatozmc(n)
(61a).
Method A. See General procedure
2.6  (p 56): 60 (17 .3  mg,
10.3 ^ m ol), 62  (1 3 8  mg, 
0.658 mmol), CuI (62.7 mg, 
0.329 mmol), THF (10 mL), 
PMDTA (114 mg, 0.658 mmol), 
TBAF (0.66 mL, 1M in THF; the 
first portion of 0.11 mL was added 
over 1 h; the second portion of 
0.55 mL was added over 1.5 h), 
24 h. Five precipitations from 
CH2Cl2 with MeOH afforded the 
pure product (23 mg, >90%) as a 
dark green solid.
Method B. See General procedure
2.3 (p 50): 59 (42 mg, 70 |zmol), 
ZnCl2 (33 mg, 0.24 mmol), 
DMAE (0.5 mL), 14 h. Size-
exclusion chromatography using CH2O 2 and three precipitations from CH2O 2 (few drops 
of PMDTA were added to the CH2O 2 solution each time to break the zinc complex) with 
MeOH afforded the pure product (13 mg, 31%) as a dark green solid.
1H NMR (500 MHz, CDCl3 + TFA, ppm) 8 9.98 (bs, 8H, CaH), 8.74 (bs, 8H, CaH), 4.72 
(bm, 16H, CH2), 2.16 (bm, 16H, CH2), 1.45-1.30 (bm, 144H, CH2), 0.88 (bm, 24H, 
CH3). IR (neat, cm-1) imax 2956, 2922, 2851, 1258, 1094, 1017, 798. UV-vis (THF, nm) 
I max 698, 665, 629, 370. MALDI-ToF MS (dithranol) m /z  calcd for C m H 216N 32Zn + H+ 
2458.72, found 2458.96. GPC (THF) tR = 8.42 min, Mn = 2566 g mol-1, Mw/Mn = 1.12. 
Significant broadening of the 13C NMR signals did not allow interpretation of the 13C NMR 
spectra.
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2,3,9,10,16,17,23,24-O ctakis(1-(2-(2-(2-m ethoxyethoxy)ethoxy)ethyl)-1.ff-1,2,3-
triazole-4-yl)phthalocyanatozinc(II) 
(61b).
Method A. See General procedure 2.6 
(p 56): 60 (14 mg, 8.3 ^mol), 64 
(47 mg, 0.27 mmol), CuI (25 mg, 
0.13 mmol), THF (8 mL), PMDTA 
(46 mg, 0.27 mmol), TBAF (0.27 mL, 
1M in THF; over 10 min), 48 h. Size- 
exclusion chromatography using 
CH2Cl2 and three precipitations from 
CH2Cl2 with pentane afforded the pure 
product (16 mg, >90%) as a dark green 
solid.
Method B. See General procedure 2.3 
(p 50): 59 (145 mg, 0.274 mmol), 
ZnCl2 (93 mg, 0.69 mmol), DMAE 
(1.5 mL), 15 h. Four precipitations from 
CH2Q 2 (few drops of PMDTA were added to the CH2Q 2 solution the first two times to 
break the zinc complex) with pentane afforded the pure product (0.10 g, 67%) as a dark 
green solid.
IR (neat, cm-1) imax 2933 (sh), 2874, 2822, 1729, 1664, 1619, 1458, 1345, 1105, 916, 845. 
UV-vis (THF, nm) Imax 697, 668, 630, 364. MALDI-ToF MS (dithranol) m/z calcd for 
C104H 136N 32O24Zn 2280.97, found 2280.78. Significant broadening of the NMR signals of a 
CDCl3 solution of 61b could not be suppressed by the addition of TFA, as in the case of 61a, 
and therefore interpretation of the NMR spectra was not possible. The addition of TFA to 
the solution of 61b resulted in the formation of a purple precipitate that was not further 
characterised. Upon basic aqueous extraction, the suspension of the purple precipitate in 
C D Q 3/TFA turned into a green solution of 61b in C D Q 3.
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2 ,3 ,9 ,10 ,16 ,17 ,23 ,24-O ctak is(1 -(6 -(1 ,3 ,8 ,10-tetraoxo-9-(tr id ecan -7-y l)-9 ,10-
dihydroanthra[2,1,9-def:6,5,10-d'ef ]diisoquinolm -2(1H ,3H ,8H )-yl)hexyl)-1H -1,2,3- 
triazol-4-yl)phthalocyanatozinc(II) (61c). See General procedure 2.6 (p 56): 60 (24 mg, 
14 ^mol), 65 (0.15 g, 0.22 mmol), CuI (42 mg, 0.22 mmol), THF (10 mL), PMDTA (78 mg, 
0.45 mmol), TBAF (1.4 mL, 1M in THF; over 10 min), 64 h. Size-exclusion chromatography 
using CH2Cl2 and three precipitations from CH2Cl2 with MeOH afforded the pure product 
(80 mg, >90%) as a dark red solid. IR (neat, cm-1) imax 2956, 2921, 2871, 1696, 1653, 1431, 
1230, 1156, 772, 612. UV-vis (THF, nm) Imax 712, 656 (sh), 528, 493, 463 (sh), 366. MALDI- 
ToF MS (dithranol) m /z  average mass calcd for C392H392ZnN4sO32 6353.1, found 6351.4. 
Significant broadening of the NMR signals did not allow interpretation of the NMR spectra.
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2 ,3 ,9 ,10 ,16 ,17 ,23 ,24-O ctak is(1 -(6 -(1 ,3 ,8 ,10-tetraoxo-9-(tr id ecan -7-y l)-9 ,10-
dihydroanthra[2,1,9-def:6,5,10-d' e'f ]diisoquinolin-2(1H,3H,8H)-yl)propyl)-1H-1,2,3- 
triazol-4-yl)phthalocyanatocopper(II) (61d). See General procedure 2.6 (p 56): 67 (21.3 mg,
12.7 ^mol), 66 (0.13 g, 0.20 mmol), CuI (38 mg, 0.20 mmol), THF (10 mL), PMDTA (69 mg, 
0.40 mmol), TBAF (0.80 mL, 1M in THF; over 10 min), 63 h. Size-exclusion chromatography 
using CH2Cl2 and three precipitations from CH2Cl2 with MeOH afforded the pure product 
(69 mg, >90%) as a dark red solid. IR (neat, cm-1) imax 2954, 2914, 2869, 1697, 1655, 1429, 
1358, 1312, 1230, 1154, 1117, 858, 768. UV-vis (THF, nm) Imax 707 (sh), 652, 532, 491, 465 
(sh), 360 (sh). MALDI-ToF MS (dithranol) m /z  average mass calcd for C368H344CuN4sO32 + 
NH 4+ 6032.7, found 6033.5. Significant broadening of the NMR signals did not allow 
interpretation of the NMR spectra.
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The more we are convinced o f  something, the harder we should look fo r  
any evidence that could prove us wrong.
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Chapter 3
In Chapter 2, a novel modular approach to octatriazole-derived 
phthalocyanines was developed and optimised, and the ability of these 
materials to form dimers upon doping with metals was demonstrated. 
In this chapter, various methods to link the unsubstituted carbon 
atoms of the neighbouring triazoles to afford atomically flat naphtha- 
locyanine (Nc) analogues, containing eight fused triazole moieties, 
were studied. Several synthetic routes were designed, among them the 
trisubstituted-triazole approach, which was found to be the most 
suitable road to follow. The crucial steps of this approach, the copper- 
catalysed azide-haloalkyne cycloaddition and the intramolecular 
homocoupling reactions, were first studied on a model system; sub­
sequently, this methodology was applied in the synthesis of the desired 
Nc. The increased core size and the n-electron deficient structure 
suggest that this class of Ncs will possess very strong aggregation 
properties. Owing to the presence of four tridentate half-cavitites, the 
final properties of the molecule or the assembly can, in principle, be 
further tuned by doping with metals or guest molecules.
3.1 Introduction
In Chapter 2, a novel modular approach to octatriazole-derived phthalocyanines (Pcs) 
61 (Figure 3.1), by using the copper-catalysed azide-alkyne cycloaddition (CuAAC) reaction 
and the versatile octaacetylene Pc precursor 60 (p 55), was described and this methodology 
was applied to prepare a variety of compounds with potential electronic applications.t117-131] 
Additionally, the ability of such systems to self-assemble into well-defined supramolecular 
structures upon doping with metals was demonstrated.!131! Apart from ligation, the two 
neighbouring triazole groups in 61 provide another opportunity to extend the n-conjugated 
system of the Pc. In 61, a planar conformation cannot be adopted due to the steric hindrance 
of the triazole groups that are twisted out of the plane of the Pc core. By linking the two 
triazole groups by their unsubstituted carbon atoms, a novel planar naphthalocyanine (Nc) 
analogue 71 (Figure 3.1) can be obtained.
A motivation for the modular synthesis of new Ncs, parallel to the approach applied for 
the preparation of 61, was their potential use as near-infrared (NIR) absorbers!132! since the 
Pc core in 71, compared with 61, is extended by four benzene and eight triazole rings (see 71 
in Figure 3.1, bold). Furthermore, the core of this molecule is atomically flat and possesses
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four half-cavities, each having three nitrogen atoms pointing towards the centre of the cavity. 
In this design, the self-assembly behaviour of the type 71 Ncs, favoured by the increased core 
size, may be tuned upon doping (metals, guest molecules), thereby modifying the material’s 
properties.
Figure 3.1 Structures of octatriazole-derived Pc 61 and its planar Nc analogue 71.
To investigate the scope and limitations of the synthesis o f 71 starting from 60, the 
covalent linkage of the two carbon atoms of the ortho-neighbouring triazoles in 61 was first 
studied on a model system represented by compound 72. By using extensive studies 
previously described in the literature,[18e-98-101-103-133] three approaches (A -C ) towards the 
synthesis of 72 were explored (Scheme 3.1). In the first approach (A), the CuAAC reaction 
between 1,2-diethynylbenzene (73) and an aliphatic primary azide under air and basic 
conditions (Cu[O]AAC) was investigated; this method was previously described for an 
efficient formation of bistriazoles (p 2 2 )i103] In the second approach (B), bis(acetylene) 73 
first underwent the standard CuAAC reaction to provide bis(triazole) 74 and, subsequently, 
the oxidative cyclodehydrogenation reaction (p 12)[18e*133a-133c] of 74 was studied. In the third 
approach (C), the intramolecular homocoupling reaction of the halogen-substituted triazole- 
derived intermediates 76 and 77 was employed. Beforehand, 76 and 77 were synthesised 
starting from bis(haloacetylenes) 75a and 75b, respectively, by using the copper-catalysed 
azide-haloalkyne cycloaddition (CuAHAC; p 21) reaction.!99-100] Finally, two attempts to 
synthesise the target Nc 71 by using the developed methodology as well as the study of its 
properties were carried out.
3.2 Results and discussion
The initial studies to synthesise 72 involved all three approaches. Approaches A and B 
(discussed below) proved not to be satisfactory; preliminary studies using approach C, 
however, were more promising and, thus, a systematic study of this method was carried out 
and is discussed in the later sections of this chapter.
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Scheme 3.1 Three studied approaches towards the key intermediate 72 (75a, 76: X  =
Br; 75b, 77: X  = I).
The first attempt to synthesise 72 (approach A) was carried out using the previously 
described m ethodi103] The reaction of one equivalent of 73 with two equivalents of 
(azidomethyl)benzene (78) under air and basic conditions, however, led to the formation of a 
mixture of undefined products; only traces of compound 72a (R = Ph) were detected in one 
of the fractions obtained after column chromatography (Scheme 3.2). The reason for this 
could be that the intermolecular homocoupling reaction of 73, leading to oligo-/polymeric 
products, was favoured over the intramolecular course of the reaction.
Scheme 3.2 Attempt to synthesise 72a by using approach A.
The second attempt (approach B), employing the oxidative cyclodehydrogenation 
reaction, was carried out using 63, a phthalonitrile (Pn) analogue of 74, and FeCW134 
Unfortunately, this attempt also did not afford the desired product 79 but led to the 
quantitative recovery of the starting material (Scheme 3.3). This can probably be explained by 
the disability of the electron deficient triazole ring to lose an electron or accept a proton; the 
first steps of the two possible mechanisms of the Scholl reactioni133b-133c]
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Scheme 3.3 Attempt to synthesise 79 by using approach B.
The oxidative cyclodehydrogenation reaction!134! was also carried out on a Pc system 
using 61a (R = C 11H 23); similarly, the desired Nc 71a (R = C 11H 23) was not formed and the 
starting material was fully recovered.
3.2.1 Copper-catalysed azide-haloalkyne cycloaddition
The third approach (C) to synthesise 72 employed the intramolecular homocoupling 
reaction of the 1,4,5-trisubstituted triazole-derived intermediates 76 and 77 (Scheme 3.1). In 
the literature, several procedures to access 1,4,5-trisubstituted triazoles, bearing a halogen 
atom instead of a proton in the 5-position, are described and a brief overview is summarised 
in Table 3.1.
Table 3.1 O verview of the previously described methods leading to 1,4,5-trisubstituted 
triazoles.M
Alkyne
Ligand (%)
Product
Yields (%) Reference
X X
1 [b] H CuI (100) Et3N (120) I 34-82 [101]
2 Br
CuBr (20) 
Cu(OAc)2 (20) -
Br 83-99[c] [100]
3 Br
CuI (5) 
Cu(OAc)2 (5) -
Br[d] 63-99[e] [100]
4 I CuI (5) 80a (5) I 59-99 [99]
[a] (Halo)alkyne (1 eq), azide (1 eq), room temperature. [b] ICl (1 eq) was used as an electrophile to 
quench the copper-triazole intermediate 31 (p 14) during the standard CuAAC reaction. [c] 50 °C. 
[d] The product was obtained as a Br/I mixture (95/5 to 84/16). [e] Room temperature or 50 °C.
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The first procedure (entry 1) described by Wu et al.[101] used I + as an electrophile to 
quench the copper-triazole intermediate 31 (p 14) during the standard CuAAC reaction to 
afford a variety of 5-iodo-1,4-disubstituted triazoles. Furthermore, the subsequent 
substitution of the iodine atom by using cross-coupling reactions enlarged the pool of 1,4,5- 
trisubstituted triazoles for 5-aryl derivatives.[102] The disadvantage of this method, however, is 
the use of an equivalent amount of CuI to obtain high yields. The second procedure (entries 2 
and 3) described by Rutjes et al.[100] employed the CuAHAC reaction of bromoalkynes with 
various azides, using a catalytic amount of copper(I) and copper(II) species without the 
presence of a ligand, to obtain 5-bromo-1,4-disubstituted triazoles. This method proved to be 
more efficient when CuI was used instead of CuBr as a catalyst, albeit that the corresponding 
iodide was formed as a side product (entry 3). The most powerful tool to prepare 1,4,5- 
trisubstituted triazoles was introduced by Sharpless et al.[99] (entry 4) by employing the 
CuAHAC reaction of iodoalkynes and a catalytic amount of CuI and tris(triazolyl)-derived 
ligand 8 0 . This reaction afforded the desired iodotriazoles, using the optimised conditions 
CuI (5%)/80a (5%), in excellent yields and was tolerant to a variety of functional groups. 
Furthermore, the three-step one-pot procedure, including iodoalkyne formation, CuAHAC 
and subsequent cross-coupling reactions, proved to be very efficient.
Having the last two catalytic procedures in hand, the scope and limitations of the 
CuAHAC reaction of bis(haloacetylenes) 75 with various azides were investigated and the 
results are summarised in Table 3.2. Bis(haloacetylenes) 75a[70] and 75b were prepared 
starting from bis(acetylene) 73 or its protected analogue 81 (p 80) in one step following 
literature procedures.!135! Due to their fast decomposition, they were immediately used in the 
CuAHAC reaction or stored in the freezer. Compared with examples from the literature, 
longer reaction times (>65 h) for the CuAHAC reactions were applied to obtain higher 
yields. To compare the efficiencies of the two previously described CuAHAC protocols using 
either 75a and copper(I)/copper(n)[100] or 75b and CuI/80,[99] 1-azidododecane (62) was 
used as an azide precursor (Table 3.2, entries 1-5). From the yields of the desired product 
76 /77  and its monoclicked side product 82/83, it can be concluded that the efficiency of the 
CuAHAC reactions using 75b is significantly higher (entries 3-5), when compared with 75a 
(entries 1 and 2), with the highest yield obtained when 80a was used as a ligand (entry 4). The 
yield of this reaction was still increasing after the period of 43 h; thus, a prolonged reaction 
time (65 h) was applied when using this method (entries 4 and 5).
When comparing the two catalytic systems of the CuAHAC reaction using 75a (entries
1 and 2), the use of CuI led to increased yields of both mono- and bisclicked products 82 and 
76, respectively; in both cases, the reaction proceeded very slowly and a longer reaction time 
(5 d) was thereby applied.
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Table 3.2 CuAHAC reaction of 75.
Entry 75 Azide R
Catalyst Ligand Yield (%)
(%) (%) 76/77 82/83
1 [a] 75a 62 C11H23
CuBr (40) 
Cu(OAc)2 (40)
-[b] 76 (10) 82 (16)
2M 75a 62 C11H23
CuI (10) 
Cu(OAc)2 (10)
-[b] 76 (16) 82 (23)
3[c] 75b 62 C11H23 CuI (20) 80b (20) 77b (47) n.i.
4M 75b 62 C11H23 CuI (20) 80a (20) 77b (54) n.i.
5[c] 75b 62 C11H23 CuI (20) 80a (20) 77b (48) [d] n.i.
6[c] 75b 78 Ph CuI (20) 80b (20) 77a (39) n.i.
7[c] 75b 64 [e] CuI (20) 80a (20) 77c (82) n.i.
[a] 75a (1 eq), azide (6 eq), THF, 50 °C, 5 d. [b] CuX is acting as a heterogenous catalyst; Cu(OAc)2 is 
soluble under these conditions. [c] 75b (1 eq), azide (2.2 eq), THF, room temperature, 65 h. [d] 43 h.
[e] R = CH2O(CH2CH2O)2CH3.
The effect of the R group of the azide on the yield of the desired product 77 during the 
CuAHAC reaction using 75b was also studied (entries 3 /6  and 4/7). The use of 
(azidomethyl)benzene (78) led to a small decrease in yield (8%) compared with 62 (entries 3 
and 6); the use of 1-azido-2-(2-(2-methoxyethoxy)ethoxy)ethane (64) led to a significant 
increase in yield (28 and 43%) compared with both 62 and 78, respectively (entries 4 /7  and 
6/7). The reason for such a dramatic difference in the reactivity of this series of azides 
attached to a primary carbon is not known; the decrease in yield in the case of 78 compared 
to 62, however, is tentatively attributed to steric reasons.
When the previously described CuAHAC reaction of bromoalkynes[100] was studied in 
more detail, the fact that no ligand was employed during the optimisation process was 
intriguing to us (see note b in Table 3.2). Therefore, the CuAHAC reaction of 75a with 62 
using the CuBr/PMDTA catalytic system was carried out. To our surprise, no mono- or 
bisclicked products were formed; instead, a complex mixture of undefined fluorescent oligo-/ 
polymeric products was obtained. Even more interestingly, this unexpected polymerisation
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also occurred under the same reaction conditions without the presence of an azide. In all 
cases, immediate formation of a green precipitate, believed to be CuBr2, was observed. 
Preliminary studies using (bromoethynyl)benzene (84) as a model substrate were carried out 
allowing a possible mechanistic pathway to be proposed (Scheme 3.4). This mechanism 
involves the reaction of 84 and its n-complex 85 to form the key copper(ffl)-intermediate 8 6 . 
Subsequently, the elimination of CuBr2 forms radical 87 that initiates the polymerisation of 
84 to afford 8 8 . A more systematic investigation of this phenomenon is required and is of 
interest for future investigation.
Scheme 3.4 Plausible mechanistic pathway of the copper-catalysed polymerisation of 84 
via the copper(lIl)-intermediate 86 (R = phenyl).
3.2.2 Intramolecular homocoupling reaction
In the literature, several examples of homocoupling reactions of aryl halides are known, 
usually employing more reactive halide electrophiles, namely, aryl iodides and aryl 
bromides.t136] Since the CuAHAC reaction of bis(iodoacetylene) 75b proceeds significantly 
faster and more efficiently compared with bis(bromoacetylene) 75a, an intramolecular 
homocoupling reaction of bis(iodotriazoles) 77a-77c was first studied. An efficient method 
for the preparation of biaryls, by using a homocoupling reaction of aryl iodides catalysed by 
palladacycle catalyst 89 (p 78), has previously been described in the literature;!137! this 
methodology has not, however, been applied to heteroaromatic systems. To test the reactivity 
of 5-iodo-1,4-disubstituted triazoles in this reaction, the intermolecular homocoupling 
reaction of iodotriazole 90 was first carried out (Scheme 3.5). Despite the electron- 
withdrawing character of the triazole moiety that is expected to facilitate the insertion of the 
palladium(O) into the C -I  bond,!137-138] the homocoupling reaction of 90 did not afford the 
desired product 91. Instead, the product of protodehalogenation 92 and starting material 90 
were obtained in 82% and 18% yield, respectively. This was possibly due to the steric 
hindrance of the bulky substituents in the 1- and 4-positions (both ortho relative to the iodine 
substituent in the 5-position).
7o
Scheme 3.5 Intermolecular homocoupling reaction of 90.
Interestingly, when the intramolecular homocoupling reaction of bis(iodotriazoles) 77a- 
77c was carried out to afford the key intermediate 72 by using the same reaction conditions, 
the desired products 72a-72c were formed in moderate to good yields (Table 3.3).
Table 3.3 Homocoupling reaction of 77a-77c.[a]
Entry Starting
cmpd
R 89 (%) Product (%)
1 77a Ph 1 72a (36)
2 77b C11H23 1 72b (47)
3 77b C11H23 2 72b (52)
4 77b C11H23 4 72b (40)
5 77c CH2Ü(CH2CH2Ü)2CH3 1 72c HX (71)M
6 77c CH2Ü(CH2CH2Ü)2CH3 0.5 72c HX (80)M
7 77c CH2Ü(CH2CH2Ü)2CH3 0.5H 72c-HX (66)M
[a] 77 (1 eq), DMF ([77] = 0.40 M), DIPEA (1.2 eq), 110 °C, 17 h. [b] Yield calculated for 
X = I. [c] [77] = 0.13 M.
Similarly to the CuAHAC reaction, the homocoupling reaction proceeded more 
efficiently (66-80%) in the case of compound 77c (entries 5-7); in the case of 77a and 77b 
(entries 1-4), the efficiencies were significantly lower (36 and 40-52%, respectively). For 
compounds 77b (entries 2-4) and 77c (entries 5-7), optimisation of the reaction conditions 
by varying the amount of the catalyst was also carried out. In both cases, a maximum
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efficiency was reached at a certain catalyst loading (entries 3 and 6, respectively), which was 
found to decrease on further increasing or decreasing the amount of used catalyst. To favour 
the intramolecular reaction of 77c and suppress the intermolecular reactions leading to 
oligomeric side products, the homocoupling reaction under dilute conditions was carried out 
(entry 7). This, however, did not improve the efficiency of this reaction and led to a 14% 
decrease in yield.
In the case of 77c, the desired product 72c was repeatedly isolated as the mono- 
protonated salt 7 2 c • HX, the counter anion most likely being iodide (X = I). Washing of the 
organic solution of 72c H X  by strong alkaline aqueous solutions did not afford the desired 
deprotonated product 72c; probably, the protonation of the N-2 nitrogen of the triazole was 
highly favoured due to the efficient stabilisation of the proton by the three oxygen atoms of 
the ethylene glycol tail through hydrogen bonding (Table 3.3 figure). Protonation of the 
second triazole moiety in 72c H X  was never observed, most likely due to the decreased 
electron density of the system caused by the first protonation.
3.2.3 Naphthalocyanines containing eight fused triazole rings: Synthesis
Once the novel route to the key intermediate 72 using the trisubstituted-triazole route 
(approach C) was developed and optimised, the synthesis of the desired Nc 71 was 
investigated. The moderate efficiencies of the CuAHAC and the homocoupling steps (Tables
3.2 and 3.3) discourage the direct preparation of 71 starting from octaacetylene Pc 60, which 
would require an eightfold CuAHAC step followed by a fourfold homocoupling step. If 
these do not proceed quantitatively, the formation of a significant amount of side products 
will hamper the purification of the desired product. Moreover, the solubility restrictions of 48 
(and most likely also its octa(iodoacetylene) analogue) could disable the CuAHAC step. To 
avoid these issues, intermediate 93, a dicarbonitrile analogue of 72 and a direct precursor of 
the desired Nc 71, was synthesised. Four approaches to synthesise phthalonitrile (Pn) 93 were 
considered (Scheme 3.6).
The first approach C (steps 1-4) starts with the route developed in the previous sections 
(steps 1 and 2). After the halogenation reaction of 72 (step 3), target compound 93 can be 
obtained in one step (step 4). The second approach D (steps 5-7), starting from 95, was 
considered but not investigated; during the intramolecular homocoupling reaction of 96 
(step 6), an intermolecular homocoupling reaction at the two additional halogen atoms in the 
5- and 6-positions is anticipated, leading to the formation of undesirable side products. In the 
third approach E (steps 8-12), starting from 98, two methoxy groups that can effectively be 
transformed into triflate functionalities (steps 10 and 1 1 ) were employed instead of iodo- and 
bromo-substituents in the 8- and 9-positions. Ditriflate 100 can then, similarly to 94 and 97, 
be converted to dicarbonitrile 93 (step 12). The fourth approach F (step 13), starting from Pn 
101, which can be prepared from Pn 69 (synthesised in Chapter 2), has not yet been 
investigated but is an interesting route to explore in the future.
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Scheme 3.6 Four approaches towards the synthesis of 93, a precursor of Nc 71.
For approach C, the scope of the electrophilic halogenation reaction in the 8- and 9- 
positions of 72 were investigated. Due to the increased reactivity of the iodo-electrophiles 
compared with the bromo-electrophiles in cross-coupling reactions,!138! a number of 
iodination reactions[114b-114c-139] of 72b and 7 2 c H X  were carried out and the results are 
summarised in Table 3.4.
Unfortunately, none of the performed experiments gave satisfactory results and the 
desired products 94b and 94c could not be obtained. This is probably due to the low 
reactivity of 72 in the electrophilic aromatic substitution reactions caused by the electron- 
withdrawing character of the fused triazole units. The electron deficiency was further 
increased upon protonation of one of the triazole moieties when harsher iodination 
conditions using sulphuric acid were employed for 72b and 72c • HX.
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Table 3.4 Iodination reaction of 72b and 72c-HX.M
Entry
Starting
cmpd[b]
Reaction
conditions
Yield
(%)[b] Ref.
1 72b I2 (2 eq), AgOTf (2 eq), CH2CI2, 
rt, 6 d
0[c.d] [114c]
2 72b
I2 (2 eq), AgOTf (2 eq), CHCI3, 
100 °C, 4 d
0[c-e] [114c]
3 72b NIS (2 eq), CH2CI2, rt, 6 d 0[c] [139a]
4 72b
NIS (2 eq), BF3 (2 eq, 20% in 
MeOH), THF, 60 °C, 2 d
0[c] [139b]
5 72b
I2 (0.8 eq), H5IO6 (0.4 eq), THF/ 
MeOH (3/1), 70 °C, 19 h
0 [139c]
6 72b or 72c HX I2 (2 eq), Ag2SO4 (2 eq), H2SO4/ 
H2O (10/1), 100 °C, 2 d
0 [139d]
7 72c HX
NIS (2 eq), BF3 (2 eq, 20% in 
MeOH), 60 °C, 2 d
0[f] [139b]
8 72c HX
I2 (0.8 eq), NaIO3 (0.4 eq), H2SO4 
(90%), 40 °C, 6 d
0[f] [114b]
[a] The crude mixture, obtained after extractive and/or chromatographic work-up, was analysed 
by 1H NMR spectroscopy (entries 1-5, 7 and 8) and ESIMS (entries 4 and 6- 8). [b] 72b, 94b:
R = C11H23; 72c, 94c: R = CH2O(CH2CH2O)2CH3. [c] Quantitative recovery of the starting 
material occurred. [d] Traces of a side product, monoiodinated in the 8-position, were 
observed. [e] Traces of two side products, monoiodinated either in the 7- or 8-position, were 
observed. [f] 1H NMR spectroscopic pattern in the aromatic region of the spectrum of the 
recovered crude material indicated the presence of monoprotonated 72c; NMR signals were, 
however, shifted compared to those of the starting material.
In approach E, two methoxy groups, which cannot interfere with the CuAHAC and the 
homocoupling steps, were introduced into the 4- and 5-positions of 72b (Scheme 3.7). 
Acetylene-functionalised azide 102 was used in the CuAHAC step to obtain the desired Nc 
71b equipped with eight protected acetylene groups. Octaacetylene-derived Nc 71b can be 
effectively modified using the CuAAC reaction and, to the best of our knowledge, is the first 
example of a new class of versatile octaacetylene-derived Ncs.*
* Several examples of versatile acetylene-derived Pcs are known.[131192]
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Scheme 3.7 Synthesis of Nc 71b by using approach E.
The synthesis of 98, the dimethoxy analogue of 75b, was carried out starting from 103, 
which has previously been described in the literature.t139c] The Sonogashira cross-coupling 
reaction of 103 afforded intermediate 104, which after removal of the TMS groups and the 
iodination reaction afforded 98 in 63% overall yield. The CuAHAC reaction of 98 and the 
subsequent homocoupling reaction were performed using the optimised conditions (see 
Table 3.2, entry 5 and Table 3.3, entry 6, respectively) and afforded 99, the dimethoxy 
analogue of 72, in 28% overall yield over the two steps. The methyl groups in 99 were sub­
sequently removed using the standard BBr3 procedure;!140! pure dihydroxy intermediate 107 
(p 83), however, could not be isolated. Presumably, the boronic ester intermediates of 107, 
obtained during the aqueous work-up, induced supramolecular aggregation that could only 
be partially broken up under basic conditions. For this reason, crude 107 was used in the next 
step to afford ditriflate 100 in 45% overall yield starting from 99. Finally, the cyanation 
reaction of 100  using the previously described cyanation protocol for 1,2-ditriflates!141] and 
the subsequent cyclisation using ZnCWDMAE were employed to afford the desired Nc 71b.
3.2.4 Naphthalocyanines containing eight fused triazole rings: Properties
The extent of conjugation in 71b was studied by UV-vis spectroscopy and by 
comparison of the absorption maxima of the Q-bands (2max) of 71b and selected zinc Pcs
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(ZnPcs) and zinc Ncs (ZnNcs). The results are summarised in Table 3.5 and Figure 3.2. Four 
compounds (48, 60, 61a and 71b), prepared in this or previous chapters, were investigated 
and compared with two limiting cases, Pc 108 and Nc 109 (both unsubstituted).!142] 
Additionally, the electronic contribution to the red shift of the Q-band 2max of each 
substituent (R) relative to Pc 108 (entry 1) for every compound was calculated and the 
obtained values were analysed.
Table 3.5 Q-band characteristics of the selected ZnPcs and ZnNcs.
Entry PP rt> cmpd R Imax (nm) nm/R[b]
1[c] ZnPc 108 H 665 0
2[d] ZnPc 60 TBDMSA[e] 712 5.9
3[d] ZnPc 48 ethynyl 699 4.3
4[d] ZnPc 61a _[f] 698 4.1
5 ZnNc 71b _[f] 727 7.8
6[c] ZnNc 109 H 756 11
[a] UV-vis absorption spectra were measured in THF. [b] Electronic contri-
bution of an R substituent in nm relative to 108 ([2max(entry) — 2max(108)]/8).
[c] Previously described.[142] [d] The synthesis of this compound is described in 
Chapter 2. [e] (7¿rí-butyldimethylsilyl) ethynyl. [f] For the structure, see 
Figure 3.1 (61a: Ri = C11H23; 71b: Ri = (triisopropylsilyl)ethynyl; Ri 
represents R in Figure 3.1).
The values of Q-band 2max are 665 nm for Pc 108 and 756 nm for Nc 109, from which 
the electronic contribution of 11 nm per half benzene ring or 22 nm per one benzene ring can 
be calculated (entries 1 and 6). In this fashion, the values of the electronic contribution were 
calculated for the other compounds. As shown in Table 3.5, each ethynyl group in 48 causes 
an additional 4.3 nm red shift (entry 3) and each protected ethynyl group in 60, a 5.9 nm red 
shift (entry 2), which is in agreement with the values previously described.!143! Interestingly, 
each non-conjugated triazole moiety in 61a causes a 4.1 nm red shift that is comparable to
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that of the ethynyl group (entry 4). In the case of Nc 71b, a red shift of 7.8 nm per half 
benzene ring and one triazole moiety was observed (entry 5), which is almost double the 
value compared with a non-conjugated triazole moiety (entry 4; Figure 3.2). This value is less 
than that of Nc 109 despite the presence of an additional eight fused triazole rings. This is 
most likely due to the strong electron-withdrawing character of the triazole moiety possessing 
three nitrogen atoms in a five-membered ring.
Figure 3.2 UV-vis absorption spectra of Nc 71b andPc 61a measured in THFat 
2.0 pM.
As a result, Nc 71b represents a new class of Ncs with the core size extended by eight five- 
membered rings and the Q-band absorption maximum localised in the “stable” region (for a 
comparison, all anthracocyanines (Acs) with the core size extended by four six-membered 
rings compared with Ncs are unstable, except for CoAct144]). These properties (increased core 
size and n-electron deficient cloud) suggest that such structures should strongly aggregate by 
means of n -n  interactions.
Finally, Nc 71b possesses four half-cavities, each having three nitrogen atoms pointing 
towards the centre of the cavity, that can serve to coordinate metals or to bind guest 
molecules. Based on the preliminary modelling studies (MM2), each cavity can be 
represented by an isosceles triangle in which the nitrogen atoms are the triangle vertices and 
the conceptual lines between each pair of nitrogen atoms are the edges (Figure 3.3). In this 
triangle, the N(triazole)—N(triazole) and N(triazole)—N(Nc) distances are approximately
7.1 A and 5.2 A, respectively. Thus, when a metal ion is inserted into the centre of the cavity, 
all three metal-nitrogen distances are similar, with values of approximately 3.5 A. The metal- 
nitrogen distance of 3.5 A is extremely long and, to the best of our knowledge, the longest 
reported metal-nitrogen distances are of maximum 3.0 A. Therefore, two-metal-centred 
complexes as well as metal-free, small-guest molecules (e.g., benzene-1,3,5-triol, see Figure 
3.3) are now under investigation. This research is ongoing.
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Figure 3.3 Isosceles-triangle representation of the half-cavity in Nc 71 (left), an example 
of the single-metal-centre coordination (right) and an example of a metal- 
free, small-guest molecule (bottom).
3.3 Conclusion
In summary, a novel approach to a new class of atomically flat Ncs containing eight fused 
triazole moieties was developed and optimised. The crucial steps of this approach, the 
CuAHAC and the intramolecular homocoupling reactions affording the key intermediate 
72, were first studied on a model system; this methodology was subsequently applied in the 
synthesis of the desired Nc 71. In this approach, steps with good to excellent efficiencies are 
employed and the versatility is magnified by the possibility to postmodify the core structure 
of 71b by using “click” chemistry. To approach Nc 71 modularly starting from octaacetylene- 
derived Pc 60 as originally planned, all steps would have to be further optimised to ensure 
they proceed quantitatively. The increased core size and the n-electron deficient structure 
suggest that such a class of Ncs will possess very strong aggregation properties; these will be 
further investigated. Additionally, the final properties of the molecule or the assembly can be 
further tuned by doping with metals or guest molecules. The potential applications of this 
class of materials lie in the construction of optoelectronic and electromagnetic devices.
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3.5 Experimental section
General. For general information, see Experimental section 2.5 (p 47). Zn(OAc)2 was 
prepared by heating solid Zn(OAc)2'H 2O at 100 °C for 2.5 h under vacuum (0.2 mbar). The 
residual water content was not determined and Zn(OAc)2 prepared this way was used in all 
experiments. For the synthesis of 1-azidododecane (62) and 4,5-bis(1-dodecyl-1^-1,2,3-triazol-4- 
yl)phthalonitrile (63), see Experimental section 2.5 (pp 51 and 54). 7ra«s-di(^-acetato)bis[2-(di-
o-tolylphosphino)benzyl]dipalladium(ll) (89) was purchased from commercial source. 1-Azido-2-
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(2-(2 -methoxyethoxy)ethoxy) ethane (64),t126 2-azido-2-methylpropane,t145] (bromoethynyl)- 
benzene (84),t146 ethyl 2-azidoacetate,t147] 1,2-diiodo-4,5-dimethoxybenzene (103),[139c] triethyl 
2,2',2''-(4,4',4''-(nitrilotris(methylene))tris(1H-1,2,3-triazole-4,1-diyl))triacetate (80b)[148] and 
tris((1-(ieri-butyl)-1H-1,2,3-triazol-4-yl)methyl)amine (80a)[99] are known from the literature 
and were prepared following the described procedures. Characterisation data for compounds 80a 
and 80b have previously not been described and are reported below.
Tris((1-(ieri-butyl)-1H-1,2,3-triazol-4-yl)methyl)amme (80a). According to the 
previously described method:[149] tri(prop-2-yn-1-yl)amine (1.5 g, 11 mmol),
MeCN (17 mL), 2,6-dimethylpyridine (1.2 g, 11 mmol), 2-azido-2- 
methylpropane (5.1 g, 51 mmol), Cu(MeCN)4PF6 (0.17 g, 0.45 mmol), 
room temperature, 72 h. The pure product (3.2 g, 65%) was obtained as a 
white solid. 1H NMR (300 MHz, CDCIb, ppm) 87.88 (s, 3H, CaH), 3.77 
(s, 6H, CH2), 1.69 (s, 18H, CH3). 13C NMR (75 MHz, CDCIb, ppm) 8 
143.2, 121.1, 59.2, 47.0, 30.1. IR (neat, cm“1) ¿ w  2977, 2937, 1464, 1371, 
1228, 1207, 1108, 1047, 825. HRMS (ESI) m /z  calcd for C21H36N 10 + H+ 
429.32027, found 429.31959 (|A| = 1.57 ppm).
Triethyl 2,2',2''-(4,4',4''-(nitrilotris(methylene))tris(1H-1,2,3-triazole-4,1-diyl))- 
triacetate (80b). Prepared according to the previously described
methodJ149! :H NMR (300 MHz, CDClj, ppm) 8 7.84 (s, 3H, 
CarH), 5.15 (s, 6H, C Hi), 4.25 ( q ,/=  7.1 Hz, 6H, OCHi), 3.81 (s, 
6H, CHi), 1.28 (t, J =  7.1 Hz, 9H, CH }). 13C NMR (75 MHz, 
CDCI3, ppm) 8 166.3, 144.4, 125.2, 62.3, 50.9, 47.2, 14.0. IR (neat, 
V o cm-1) Vmax 3140, 2986, 2940, 2834, 1744 (C =0), 1465, 1375, 1211, 
3 =v-  1052,1023, 870, 797, 576. HRMS (ESI) m /z  calcd for CnHjoNioOg 
+ H+ 519.24280, found 519.24169 (|A| = 2.14ppm).
3.5.1 Synthesis o f  the azide and haloalkyne precursors
(Azidomethyl)benzene (78). A mixture of (bromomethyl)benzene (5.5 g, 32 mmol), NaN3 
(3.1 g, 48 mmol) and MeOH (50 mL) was heated at 80 °C for 72 h before the
(w-^N solvent was evaporated and CH2CI2 (100 mL) was added. After filtration, evaporation s' of the solvent afforded the pure product (3.7 g, 87%) as a colourless oil. :H NMR
(200 MHz, CDCIb, ppm) 87.51-7.28 (m, 5H, CaH), 4.35 (s, 2H, CH2). 13C NMR 
(50 MHz, CDCIb, ppm) 8 135.3, 128.8, 128.3, 128.2, 54.8. IR (neat, cm-1) i max 2092 (N3),
1251, 1199, 697. The NMR and IR spectroscopic data are in agreement with those previously 
described.[150]
(3-Azidoprop-1-yn-1-yl)triisopropylsilane (102). A mixture of (3-bromoprop-1-yn-1-yl)- 
triisopropylsilane (3.86 g, 14.0 mmol), NaN3 (1.76 g, 27.1 mmol) and MeOH 
(100 mL) was heated at 75 °C for 21 h before the solvent was evaporated. The 
residue was purified by column chromatography on silica gel using pentane to 
afford the pure product (3.05 g, 92%) as a colourless oil. 1H NMR (300 MHz, 
CDCIb, ppm) 8 3.95 (s, 2H, CH 2), 1.10-1.08 (m, 21H, CH(CHb)2). 13C NMR
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(75 MHz, CDCIb, ppm) 8 98.5, 89.2, 40.7, 18.5, 11.1. IR (neat, cm-1) imax 2942, 2892, 2866, 
2176 (C"C), 2123 (N3), 2070 (N3), 1463, 1335, 1240, 1024, 883. EIMS m /z (%) 237 ([M+ ]^, 
30), 194 (100), 166 (36), 152 (32), 110 (39), 96 (42), 43 (42). HRMS (EI) m /z  calcd for 
C 12H23N 3Si 237.1661, found 237.1666 (|A| = 2.0 ppm).
1.2-Bis((trimethylsilyl)ethynyl)benzene (81). See General procedure 2.1 (p 50): 1,2-di- 
iodobenzene (2.0 g, 6.1 mmol), Pd(PPh3)4 (0.35 g, 0.30 mmol), CuI (58 mg,
i_, 0.30 mmol), EtjN/THF (30 mL, 2/1), trimethylsilylacetylene (2.1 mL, 15 mmol), 
60 °C, 20 h. Column chromatography on silica gel using pentane afforded the pure 
product (1.5 g, 94%) as a colourless oil. !H NMR (300 MHz, CDCI3, ppm) 87.50­
1'" 7.42 (m, 2H, AA' of AA'BB'), 7.27-7.20 (m, 2H, BB' of AA'BB'), 0.27 (s, 18H, 
SiCH3). 13C NMR (75 MHz, CDCIb, ppm) 8 132.3, 128.0, 125.8, 103.2, 98.4, 0.0. 
IR (neat, cm-1) imax 2960, 2897, 2159 (C"C), 1472, 1438, 1247, 865, 840, 756. The NMR i15|l 
and IRt152] spectroscopic data are in agreement with those previously described.
1.2-Diethynylbenzene (73). Prepared according to the previously described method.[151] 
1H NMR (400 MHz, CDCIb, ppm) 87.55-7.49 (m, 2H, AA' of AA'BB'), 7.34-7.28 
(m, 2H, BB' of AA'BB'), 3.34 (s, 2H, CCH). 13C NMR (75 MHz, CDCI3, ppm) 8
132.6, 128.5, 125.0, 81.8, 81.1. IR (neat, cm-1) imax 3289 (CC-H ), 2951, 2923, 2852,
2109 (C"C), 1474, 1437, 1252, 836, 755, 639. The NMRi15|l and IR 152] spectro­
scopic data are in agreement with those previously described.
Method A. See General procedure 3.1 (p 80): 73 (0.28 g, 2.3 mmol), NBS (0.93 g,
5.3 mmol), acetone (50 mL), AgNÖ3 (40 mg, 0.23 mmol), water (0.5 mL), 1 h.
Method B. See General procedure 3.2 (p 80): 81 (0.95 g, 3.5 mmol), NBS (1.5 g,
8.1 mmol), AgF (1.1 g, 8.1 mmol), MeCN (40 mL), 3 h.
(0.48 g, 75% (method A); 0.88 g, >99% (method B)) as a pale yellow oil that rapidly turns 
brown. 1H NMR (400 MHz, CDCIb, ppm) 8 7.47-7.41 (m, 2H, AA' of AA'BB'), 7.31-7.25 
(m, 2H, BB' of AA'BB'). 13C NMR (75 MHz, CDCIb, ppm) 8 132.4, 128.3, 125.7, 78.3,
54.0. IR (neat, cm-1) imax 3061, 2194 (C"C), 1475, 1440, 756, 616, 606, 490. EIMS m /z  (%) 
286 ([M+- + 4], 49), 284 ( M  + 2], 100), 282 ([M+-], 51), 205 (69), 203 (69), 124 (92), 98
General procedure 3.1 for the synthesis o f  haloalkynes. Based on the previously described 
method:[135a] a solution of AgNO3 in water was added to a mixture of terminal alkyne, NXS (X = 
I or Br) and acetone. The resulting mixture was stirred at room temperature in the dark before the 
solvents were evaporated. The residue was purified by column chromatography on silica gel to 
afford the pure product that was immediately used in the next step or stored in the freezer.
General procedure 3.2 for the synthesis o f  haloalkynes. Based on the previously described 
method:[135b] a mixture of protected terminal alkyne, NXS (X = I or Br), AgF and MeCN was 
stirred at room temperature in the dark before the solvent was evaporated. The residue was 
purified by column chromatography on silica gel to afford the pure product that was immediately 
used in the next step or stored in the freezer.
Column chromatography on silica gel using pentane afforded the pure product
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(29), 74 (32). HRMS (EI) m /z calcd for C1oH4Br2 281.8680, found 281.8672 (|A| = 
2.8 ppm). This compound was previously synthesised using a similar method,[70] however, no 
characterisation was carried out due to its fast decomposition.
(Iodoethynyl)benzene. See General procedure 3.1 (p 80): ethynylbenzene (0.24 g,
2.2 mmol), NIS (0.60 g, 2.6 mmol), acetone (50 mL), AgNO3 (19 mg, 0.11 mmol), 
water (0.5 mL), 2.5 h. Column chromatography on silica gel using pentane afforded 
the pure product (0.38 g, 75%) as a pale yellow oil. !H NMR (300 MHz, CDCl3, 
ppm) 8 7.46-7.40 (m, 2H, CaH), 7.35-7.27 (m, 3H, CAJ t) . 13C NMR (75 MHz, 
CDCIb, ppm) 8 132.3, 128.8, 128.2, 123.4, 94.1, 6.2. IR (neat, cm-1) imax 3060,
3027, 2169 (C"C), 1595, 1570, 1488, 1361, 1219, 1155, 914, 783, 752, 538. The NMR 
spectroscopic data are in agreement with those previously described.!153
1.2-Bis(iodoethynyl)benzene (75b).
Method A. See General procedure 3.1 (p 80): 73 (67 mg, 0.53 mmol), NIS (0.26 g,
1.2 mmol), acetone (10 mL), AgNO3 (18 mg, 0.11 mmol), water (1 mL), 4 h.
Method B. See General procedure 3.2 (p 80): 81 (0.25 g, 0.92 mmol), NIS (0.46 g,
2.0 mmol), AgF (0.26 g, 2.0 mmol), MeCN (9.5 mL), 4 h.
Column chromatography on silica gel using CH2O 2 afforded the pure product (0.20 g, 98% 
(method A); 0.28 g, 83% (method B)) as a pale yellow oil. 1H NMR (400 MHz, C D O 3, 
ppm) 87.46-7.34 (m, 2H, AA' of AA'BB'), 7.30-7.19 (m, 2H, BB' of AA'BB'). 13C NMR 
(75 MHz, CDCIb, ppm) 8 132.5, 128.3, 126.7, 92.4, 11.1. IR (neat, cm-1) imax 3083, 3057, 
2164 (C"C), 1471, 1439, 1229, 1094, 1034, 949, 756. EIMS m /z (%) 378 ([M+ ]^, 100), 251 
(90), 124 (57), 98 (28), 74 (28). HRMS (EI) m /z calcd for C10H4I2 377.8403, found 
377.8406 (|A| = 0.8 ppm).
((4,5-Dimethoxy-1,2-phenylene)bis(ethyne-2,1-diyl))bis(trimethylsilane) (104). See
General procedure 2.1 (p 50): 103 (8.0 g, 21 mmol), Pd(PPh3)4 (0.36 g, 
0.31 mmol), Cul (0.20 g, 1.0 mmol), Et3N/THF (50 mL, 2/1), trimethylsilyl- 
acetylene (6.7 mL, 47 mmol), 60 °C, 55 h. Column chromatography on silica gel 
using pentane/CH2Cl2 (6/1 to 1/1) afforded the pure product (6.4 g, 94%) as a 
white solid. !H NMR (300 MHz, CDCI3, ppm) 86.91 (s, 2H, CArH), 3.88 (s, 
6H, OCH3), 0.27 (s, 18H, SiCH3). 13C NMR (75 MHz, CDCIb, ppm) 8 149.0,
118.9, 114.4, 103.4, 96.8, 56.0, 0.1. IR (neat, cm-1) imax 2958, 2898, 2153 (C"C), 1597, 1506, 
1449, 1392, 1344, 1273, 1249, 1219, 1204, 999, 883, 839, 758, 732. EIMS m /z (%) 330 ([M+ ]^, 
100), 315 (27), 227 (17), 73 (74). HRMS (EI) m /z  calcd for C 18H2sO2Si2 330.1471, found 
330.1465 (|A| = 1.9 ppm).
1.2-Diethynyl-4,5-dimethoxybenzene (105). A mixture of 104 (5.5 g, 17 mmol), TBAF 
(3.3 mL, 1M in THF), THF (80 mL) and water (1 mL) was stirred at room 
temperature for 22 h before the solvent was evaporated. The residue was purified
f 'X  by column chromatography on silica gel using pentane/CHiCli (3/1 to 1/ 2) to 
afford the pure product (2.9 g, 95%) as a light brown solid. :H NMR (300 MHz, 
CDCIb, ppm) 8 6.95 (s, 2H, CaH), 3.88 (s, 6H, OCH3), 3.26 (s, 2H, CCH). 
13C NMR (75 MHz, CDCIb, ppm) 8 149.3, 118.0, 114.7, 82.0, 79.7, 56.0. IR (neat, cm-1) imax
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3272 (CC-H), 3250 (CC-H), 2964, 2845, 2104 (C"C), 1595, 1509, 1437, 1384, 1341, 1261, 
1215, 1091, 991, 855, 831, 719, 633. EIMS m /z (%) 186 ([M+ ]^, 100), 171 (21), 115 (34). 
HRMS (EI) m /z  calcd for C12H 10O2 186.0681, found 186.0683 (|A| = 1.2 ppm).
1,2-Bis(iodoethynyl)-4,5-dimethoxybenzene (98). See General procedure 3.1 (p 80): 105 
(1.27 g, 6.85 mmol), NIS (3.39 g, 15.1 mmol), acetone (100 mL), AgNO3 
(0.23 g, 1.4 mmol), water (3 mL), 3 h. Column chromatography on silica gel 
using pentane/CH2Cl2 (1/1) afforded the pure product (2.1 g, 70%) as a light 
brown solid. W  NMR (300 MHz, CDCI3, ppm) 8 6.87 (s, 2H, CaH), 3.86 (s, 
6H, OCH3). 13C NMR (75 MHz, CDCI3, ppm) 8 149.2, 119.9, 114.5, 92.4,
56.0, 8.9. IR (neat, cm-1) imax 2963, 2927, 2845, 2164 (C"C), 1595, 1506, 1457, 1440, 1342, 
1265, 1213, 1201, 1115, 996, 911, 862, 733. EIMS m /z (%) 438 ([M+^], 100), 311 (32), 98 (37). 
HRMS (EI) m /z calcd for C12H 8I2O2 437.8614, found 437.8601 (|A| = 3.0 ppm).
3.5.2 Synthesis o f  the trisubstituted triazoles
1,2-Bis(5-bromo-1-dodecyl-1_ff-1,2,3-triazol-4-yl)benzene (76). According to the 
previously described method:[100] 75a (0.10 g, 0.42 mmol), 62 (0.54 g, 2.5 mmol), 
Br c ,2h2S CuX and Cu(OAc)i were placed in a Schlenk tube equipped with a stirrer and the 
J nn system was evacuated and filled with argon three times. After the addition of THF
_n  (0.85 mL), the system was heated at 50 °C for 5 d under an argon atmosphere
b /  before PMDTA (0.2 mL) was added. The crude product was extracted with
ci2H25 CH2CI2, washed with aq. N H 3 (10%) and the combined organic layers were dried 
over Na2SO4. After filtration, the solvents were evaporated and the residue was 
purified by column chromatography on silica gel using pentane/CHCl3 (1/1), C H O 3 and 
CHCl3/ethyl acetate (94/6) to afford the pure product.
Method A. CuI (8 mg, 0.04 mmol), Cu(OAc)2 (8 mg, 0.04 mmol).
Method B. CuBr (24 mg, 0.17 mmol), Cu(OAc)2 (31 mg, 0.17 mmol).
The pure product (48 mg, 16% (method A); 30 mg, 10% (method B)) was obtained as a light 
orange solid. 1H NMR (400 MHz, CDCl3, ppm) 8 7.69-7.61 (m, 2H, AA' of AA'BB'), 
7.54-7.46 (m, 2H, BB' of AA'BB'), 4.27 (t, J  = 7.3 Hz, 4H, NCH2), 1.90-1.75 (m, 4H, 
CH2), 1.45-1.10 (m, 36H, CH2), 0.95-0.75 (m, 6H, CH3). 13C NMR (75 MHz, CDCIb, 
ppm) 8 145.4,130.8, 128.92,128.91, 109.6, 49.2, 31.8, 29.52, 29.51, 29.48, 29.46, 29.3, 29.2,
28.9, 26.2, 22.6, 14.0. IR (neat, cm-1) imax 2918, 2845, 1463, 1333, 1221, 1162, 980, 162, 
723. ESIMS m /z (%) 709 ([M + H+ + 4], 55), 707 ([M + H+ + 2], 100), 705 ([M + H+], 
48). HRMS (ESI) m /z calcd for C34H 54Br2Ns + H+ 705.28549, found 705.28492 (|A| = 
0.8 ppm).
5-Bromo-4-(2-(bromoethynyl)phenyl)-1-dodecyl-1_ff-1,2,3-triazole (82). The pure 
monoclicked side product (48 mg, 23% (method A); 33 mg, 16% (method 
B)) was obtained as a light brown solid. 1H NMR (400 MHz, C D O 3, ppm) 
8 8.81 (ddd, J =  8.1, 1.4, 0.6 Hz, 1H, CaH), 8.44 (ddd, J  = 8.3, 1.2, 0.7 Hz, 
1H, CaH), 7.79 (ddd, J  = 8.1, 7.0, 1.1 Hz, 1H, CaH), 7.69 (ddd, J  = 8.5,
7.1, 1.4 Hz, 1H, CaH), 5.03 (t, J  = 7.5 Hz, 2H, NCH2), 2.03 (tt, J  = 7.8,
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7.2 Hz, 2H, CHz), 1.40-1.20 (m, 18H, CH2), 0.90-0.85 (m, 3H, CH3). 13C NMR
(75 MHz, CDCI3, ppm) 8 142.6, 130.1, 129.34, 129.29, 128.9, 128.0, 127.8, 124.8, 122.6,
106.9, 50.2, 31.9, 31.6, 29.58, 29.57, 29.5, 29.4, 29.3, 29.1, 26.4, 22.7, 14.1. IR (neat, cm-1)
ymax 2915, 2847, 2092 (C"C), 1521, 1463, 1374, 1256, 1151, 1057, 848, 759, 716, 606.
ESIMS m /z (%) 498 ([M + H+ + 4], 50), 496 ([M + H+ + 2], 100), 494 ([M + H+], 50).
HRMS (ESI) m /z  calcd for C z i^ B n N  + H+ 494.08065, found 494.07907 (|A| =
3.2 ppm).
General procedure 3.3 for the CuAHAC reaction using iodoalkynes. Based on the 
previously described method:[99] CuI and ligand were placed in a Schlenk tube and the system 
was evacuated and filled with argon three times. After the addition of THF, the resulting mixture 
was stirred for 30 min (80b) or 2 h (80a) to obtain a homogeneous solution (80b) or a fine 
suspension (80a) of the catalyst. A solution of iodoalkyne and azide in THF was then added with 
a syringe to the catalyst mixture and the resulting mixture was stirred at room temperature in the 
dark before it was quenched with aq. NH 3 (10%). The crude product was extracted with CH2O 2 
and the combined organic layers were dried over Na2SO4. After filtration, the solvents were 
evaporated and the residue was purified by column chromatography on silica gel to afford the pure 
product.
1-Benzyl-5-iodo-4-phenyl-1_ff-1,2,3-triazole (90). See General procedure 3.3 (p 83): CuI 
(4 mg, 0.02 mmol), 80b (10 mg, 0.020 mmol), THF (2.5 mL), (iodoethynyl)- 
benzene (91 mg, 0.40 mmol), 77 (35 mg, 0.40 mmol), THF (0.5 mL), 27 h. 
Column chromatography on silica gel using CH2O 2 and CH2Cl2/MeOH (98/2) 
afforded the pure product (81 mg, 56%) as a white solid. 1H NMR (300 MHz, 
CDCl3, ppm) 8 7.98-7.92 (m, 2H, CaH), 7.50-7.27 (m, 8H, CaH), 5.67 (s, 2H, 
CH2). 13C NMR (75 MHz, CDClj, ppm) 8 150.1, 134.3, 130.2, 128.8, 128.54, 
128.47, 128.4, 127.7, 127.3, 76.4, 54.3. IR (neat, cm-1) imax 3055, 3029, 2924, 2850, 
1946, 1602, 1494, 1451, 1339, 1230, 1153, 1063, 982, 766, 724, 694, 610. HRMS (ESI) m /z 
calcd for C15H 12IN3 + H+ 362.01541, found 362.01462 (|A| = 2.2 ppm). The 1H NMR and IR 
spectroscopic data are in agreement with those previously described.!101
1,2-Bis(1-benzyl-5-iodo-1-ff-1,2,3-triazol-4-yl)benzene (77a). See General procedure 3.3 
(p 83): CuI (45 mg, 0.23 mmol), 80b (0.12 g, 0.23 mmol), THF (4.5 mL), 75b 
(0.41 g, 1.2 mmol), 78 (0.35 g, 2.6 mmol), THF (0.5 mL), 65 h. Column chroma­
tography on silica gel using CH2Cl2 and CH2Cl2/ethyl acetate (99/1 to 94/6) 
afforded the pure product (0.30 g, 39%) as a white solid. 1H NMR (400 MHz, 
CDCl3, ppm) 8 7.67-7.60 (m, 2H, AA' of AA'BB'), 7.55-7.50 (m, 2H, BB' of 
AA'BB'), 7.35-7.27 (m, 6H, CaH), 7.22-7.16 (m, 4H, CaH), 5.52 (s, 4H, CH2). 
13C NMR (75 MHz, C D Q 3, ppm) 8 151.3, 134.3, 131.2, 129.8,129.0, 128.8,128.3,
127.7, 80.1, 54.3. IR(neat, cm-1) imax 3061, 3031, 2240, 1603, 1495, 1452, 1332, 
1217,1133, 1076, 981, 906, 769, 725. HRMS (ESI) m /z calcd for C24H 18I2N  + H+ 
644.97605, found 644.97655 (|A| = 0.78 ppm).
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1.2-Bis(1-dodecyl-5-iodo-1_ff-1,2,3-triazol-4-yl)benzene (77b). See General procedure 
3.3 (p 83).
Method A. Cul (40 mg, 0.21 mmol), 80b (0.11 g, 0.21 mmol), THF (4.5 mL), 
75b (0.40 g, 1.1 mmol), 62 (0.49 g, 2.3 mmol), THF (0.5 mL), 65 h.
Method B. CuI (20 mg, 0.10 mmol), 80a (44 mg, 0.10 mmol), THF (2 mL), 75b 
(0.20 g, 0.52 mmol), 62 (0.24 g, 1.1 mmol), THF (0.5 mL), 65 h.
Method C. CuI (0.11 g, 0.57 mmol), 80a (0.24 g, 0.57 mmol), THF (12 mL), 
75b (1.1 g, 2.8 mmol), 62 (1.3 g, 6.2 mmol), THF (1.5 mL), 43 h.
Column chromatography on silica gel using CH2O 2 and CH 2Cl2/ethyl acetate (99/1 to 9/1) 
afforded the pure product (0.40 g, 47% (method A); 0.22 g, 54% (method B); 1.1 g, 48% 
(method C)) as a light brown solid. !H NMR (300 MHz, C D Q 3, ppm) 87.69-7.60 (m, 2H, 
AA' of AA'BB'), 7.58-7.50 (m, 2H, BB' of AA'BB'), 4.33 (t, J  = 7.4 Hz, 4H, NCH 2), 1.95­
1.79 (m, 4H, CH 2), 1.44-1.17 (m, 36H, CH 2), 0.95-0.82 (m, 6H, CH3). 13C NMR 
(75 MHz, CDCl3, ppm) 8 150.9, 131.4, 129.8, 129.0, 79.6, 50.9, 31.9, 30.0, 29.65, 29.63, 
29.59, 29.5, 29.3, 29.1, 26.4, 22.7, 14.1. IR(neat, cm-1) i max 2924, 2850, 1459, 1333, 1260, 
1221, 979, 767, 737, 698. HRMS (ESI) m /z  calcd for C34H 54I2N  + H+ 801.25775, found 
801.25912 (|A| = 1.71 ppm).
1.2-Bis(5-iodo-1-(2-(2-(2-methoxyethoxy)ethoxy)ethyl)-1_ff-1,2,3-triazol-4-yl)benzene 
(77c). See General procedure 3.3 (p 83): CuI (0.14 g, 0.74 mmol), 80a (0.32 g,
0.74 mmol), THF (15 mL), 75b (1.4 g, 3.7 mmol), 64 (1.4 g, 8.1 mmol), THF 
(2 mL), 65 h. Column chromatography on silica gel using CH2O 2 and 
CH2Cl2/MeOH (99/1 to 94/6) afforded the pure product (2.3 g, 82%) as a 
light brown oil. 1H NMR (300 MHz, C D O 3, ppm) 8 7.69-7.60 (m, 2H, AA' 
of AA'BB'), 7.57-7.48 (m, 2H, BB' of AA'BB'), 4.53 (t, J  = 6.0 Hz, 4H, 
NCH2), 3.92 (t, J  = 6.0 Hz, 4H, NCH 2CH2), 3.67-3.57 (m, 12H, OCH2), 
3.57-3.49 (m, 4H, O C //2), 3.35 (s, 6H, CH ) .  13C NMR (75 MHz, CDCb, 
ppm) 8 150.7, 131.3, 129.9, 128.9, 81.0, 71.9, 70.7, 70.58, 70.57, 69.3, 59.0,
50.3. IR (neat, cm-1) imax 2872, 1455, 1351, 1333, 1221, 1104, 1027, 983, 932, 849, 772, 728. 
HRMS (ESI) m /z  calcd for C24H34I2N 6O6 + H+ 757.07074, found 757.06862 (|A| = 2.81 ppm).
4,4'-(4,5-Dimethoxy-1,2-phenylene)bis(5-iodo-1-(3-(triisopropylsilyl)prop-2-yn-1- 
yl)-Lff-1,2,3-triazole) (106). See General procedure 3.3 (p 83): CuI (0.17 g,
0.91 mmol), 80a (0.39 g, 0.91 mmol), THF (17 mL), 98 (2.0 g, 4.6 mmol), 102 
(2.4 g, 10 mmol), THF (13 mL), 6 d. Column chromatography on silica gel 
using CHCl3 and CHCVethyl acetate (95/5 to 85/15) afforded the pure 
product (2.6 g, 63%) as a brown solid. 1H NMR (400 MHz, C D Q 3, ppm) 8 
7.12 (s, 2H, CaH), 5.16 (s, 4H, CH2), 3.94 (s, 6H, OCH3), 1.05-1.00 (m, 
42H, CH (CH i)2). 13C NMR (75 MHz, C D Q 3, ppm) 8 151.4, 149.2, 122.0,
113.8, 97.8, 89.1, 79.1, 56.0, 42.0, 18.5, 11.0. IR (neat, cm-1) imax 2942, 2889, 
2863, 2183 (C"C), 1608, 1548, 1487, 1460, 1437, 1350, 1252, 1220, 1179, 
1135, 1094, 1018, 882, 801, 733, 677, 663. HRMS (ESI) m /z calcd for 
C3sH54I2N 6O2Si2 + H+ 913.20144, found 913.20204 (|A| = 0.66 ppm).
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General procedure 3.4 for the homocoupling reaction o f aryl iodides. Based on the 
previously described method:[137] aryl iodide and 89 were placed in a Schlenk tube equipped with 
a stirrer and the system was evacuated and filled with argon three times. After the addition of 
DMF and DIPEA, the system was heated at 110 °C under an argon atmosphere before the 
solvents were evaporated. The residue was purified by column chromatography on silica gel to 
afford the pure product.
Biphenyl. See General procedure 3.4 (p 85): iodobenzene (0.20 g, 1.0 mmol), 89 (5 mg, 
5 ^mol), DMF (0.75 mL), DIPEA (0.16 g, 1.2 mmol), 16 h. Column 
chromatography on silica gel using pentane afforded the pure product (68 mg, 88%) 
as a white solid. :H NMR (300 MHz, CDClj, ppm) 8 7.69-7.61 (m, 4H, CarH), 
7.52-7.45 (m, 4H, CaH), 7.43-7.36 (m, 2H, CaH). 13C NMR (50 MHz, C D Q 3, 
ppm) 8 141.2, 128.7, 127.2, 127.1. IR (neat, cm-1) imax 3060, 3033, 1942, 1875, 1745, 1595, 
1479, 1429, 1341, 1169, 1006, 906, 727, 697. The NMR and IR spectroscopic data are in 
agreement with those previously described.!154!
3,3'-Dibenzyl-5,5'-diphenyl-3-ff,3'-ff-4,4'-bi(1,2,3-triazole) (91). See General procedure
3.4 (p 85): 90 (61 mg, 0.17 mmol), 89 (1.6 mg, 1.7 ^mol), DMF 
(0.25 mL), DIPEA (26 mg, 0.20 mmol), 19 h. Column chromatography 
on silica gel using CH 2Cl2/MeOH (99.75/0.25 and 99.25/0.75) afforded 
the unreacted starting compound 90 (11 mg, 18%) and the product of 
protodehalogenation 92 (32 mg, 82%) as a white solid.
3.5.3 Synthesis o f  the products o f  homocoupling reaction
1-Benzyl-4-phenyl-Lff-1,2,3-triazole (92). 1H NMR (400 MHz, C D Q 3, ppm) 8 7.82­
7.77 (m, 2H, CaH), 7.66 (s, 1H, CaH), 7.41-7.35 (m, 5H, CaH), 
7.34-7.28 (m, 3H, CaH), 5.58 (s, 2H, CH 2). 13C NMR (75 MHz, 
CDCl3, ppm) 8 148.2, 134.7, 130.5, 129.1, 128.77, 128.76, 128.1, 128.0,
125.7, 119.4, 54.2. IR (neat, cm-1) imax 3127, 3088, 3062, 2950, 1497, 
1481,1460,1443,1427,1220,1189,1075,1050,920,814,764,721,696. 
The 1H NMR[155] and IRt156 spectroscopic data are in agreement with 
those previously described.
3,4-Dibenzyl-3,4-dihydronaphtho[1,2-^:3,4-«f]bis([1,2,3]triazole) (72a). See General 
procedure 3.4 (p 85): 77a (70 mg, 0.11 mmol), 89 (1.0 mg, 1.0 ^mol), DMF 
(0.33 mL), DIPEA (17 mg, 0.13 mmol), 17 h. Column chromatography on 
silica gel using CH2Cl2/ethyl acetate (99/1 to 98/2) afforded the pure product 
(15 mg, 36%) as a white solid. 1H NMR (400 MHz, C D O 3, ppm) 8 8.91­
8.87 (m, 2H, AA' of AA'BB'), 7.85-7.80 (m, 2H, BB' of AA'BB'), 7.39-7.31 
(m, 6H, Ca*H), 6.88-6.82 (m, 4H, CaH), 5.86 (s, 4H, CH 2). 13C NMR 
(75 MHz, CDCl3, ppm) 8 144.5, 135.4, 129.6, 128.6, 128.3, 124.7, 123.5,
123.1, 119.7, 52.9. IR (neat, cm-1) imax 3060, 3029, 2926, 2852, 1603, 1547, 1495, 1453, 1363, 
1308, 1251, 1089, 990, 911, 779, 730, 690. HRMS (ESI) m /z  calcd for C24H 18N  + H+ 
391.16712, found 391.16585 (|A| = 3.24 ppm).
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3,4-Didodecyl-3,4-dihydronaphtho[1,2-^:3,4-rf]bis([1,2,3]triazole) (72b). See General 
procedure 3.4 (p 85): 77b (0.15 g, 0.19 mmol), 89, DMF (0.5 mL), DIPEA 
(29 mg, 0.22 mmol), 17 h.
Column chromatography on silica gel using CH2Cl2/ethyl acetate (99/1) afforded the pure 
product (48 mg, 47% (method A); 53 mg, 52% (method B); 41 mg, 40% (method C)) as a 
white solid. !H NMR (300 MHz, CDCl3, ppm) 8 8.86-8.75 (m, 2H, AA' of AA'BB'), 7.81­
7.72 (m, 2H, BB' of AA'BB'), 4.95 (t, J  = 7.5 Hz, 4H, NCH2), 2.18-2.01 (m, 4H, CH2), 
1.54-1.17 (m, 36H, CH2), 0.95-0.83 (m, 6H, CH3). 13C NMR (75 MHz, C D O 3, ppm) 8 
144.0, 128.0, 123.3, 122.9, 119.4, 51.2, 31.9, 31.1, 29.56, 29.55, 29.5, 29.4, 29.3, 29.1, 26.6, 
22.7, 14.1. IR (neat, cm-1) imax 2950, 2920, 2846, 1601, 1545, 1467, 1359, 1057, 767, 720, 
612, 473. HRMS (ESI) m /z calcd for C34H 54N 6 + H+ 547.44882, found 547.44878 (|A| = 
0.06 ppm).
3,4-Bis(2-(2-(2-methoxyethoxy)ethoxy)ethyl)-3,4-dihydronaphtho[1,2-^:3,4-rf]bis- 
([1,2,3]triazole) (72c). See General procedure 3.4 (p 85): 77c (0.30 g,
0.40 mmol), 89, DMF, DIPEA (62 mg, 0.48 mmol), 17 h.
Column chromatography on silica gel using CH2CVMeOH (99/1 to 85/15) afforded the 
pure monoprotonated product 72c HX (178 mg, (method A); 200 mg, (method B); 
165 mg, (method C)) as a dark brown oil.
72c HX. !H NMR (300 MHz, CDCl3, ppm) 8 10.92 (s, 1H, NH), 8.72 (d, J =  8.1 Hz, 1H, 
CaH), 8.61 (dd, J  = 8.1, 0.7 Hz, 1H, CaH), 7.94 (ddd, J  = 8.2, 7.4, 1.1 Hz, 1H, CaH), 7.80 
(ddd,J  = 8.5, 7.4, 1.2 Hz, 1H, CaH), 5.32 (t, J  = 5.0 Hz, 2H, CH2), 5.32 (t,J= 5.0 Hz, 2H, 
CH2), 4.28 (t, J =  4.7 Hz, 2H, CH2), 4.13 (t, J  = 5.2 Hz, 2H, CH2), 3.78-3.70 (m, 2H, 
CH2), 3.62-3.50 (m, 6H, CH2), 3.44-3.39 (m, 2H, CH2), 3.38-3.34 (m, 2H, CH2), 3.33­
3.28 (m, 2H, CH2), 3.28-3.22 (m, 2H, CH2), 3.19 (s, 3H, CH3), 3.17 (s, 3H, CH3). 
13C NMR (75 MHz, C D C k ppm) 8 136.1, 136.0, 133.1, 129.9, 126.74, 126.72, 126.5,
123.8, 122.7, 118.5, 71.6, 71.5, 70.35, 70.34, 70.17, 70.15, 70.12, 70.11, 68.8 , 67.6, 58.7, 
55.6, 51.1, 46.0. IR (neat, cm-1) imax 3450, 2920, 1537, 1463, 1381, 1351, 1260, 1221, 1195, 
1096, 1022, 845, 802. HRMS (ESI) m /z calcd for C24H34N 6O6 + H+ 503.26181, found 
503.26078 (|A| = 2.04 ppm).
Method A. 89 (1.8 mg, 1.9 ^mol). 
Method B. 89 (3.5 mg, 3.7 ^mol). 
Method C. 89 (7.0 mg, 7.5 ^mol).
Method A. 89 (3.7 mg, 4.0 ^mol), DMF (1 mL). 
Method B. 89 (1.9 mg, 2.0 ^mol), DMF (1 mL). 
Method C. 89 (1.9 mg, 2.0 ^mol), DMF (3 mL).
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8,9-Dimethoxy-3,4-bis(3-(triisopropylsilyl)prop-2-yn-1-yl)-3,4-dihydronaphtho[1,2-^:
3,4-^']bis([1,2,3]triazole) (99). See General procedure 3.4 (p 85): 106
(2.4 g, 2.6 mmol), 89 (12 mg, 13 pnol), DMF (6.6 mL), DIPEA 
(0.41 g, 3.2 mmol), 27 h. Column chromatography on silica gel using 
CH2Cl2/ethyl acetate (99/1 to 98/2) afforded the pure product (0.77 g, 
45%) as a light brown solid. 1H NMR (400 MHz, CDCl3, ppm) 8 8.16 
(s, 2H, CaH), 6.16 (s, 4H, CHz), 4.11 (s, 6H, OCH3), 0.96-0.80 (m, 
42H, CH(CH3)2). 13C NMR (75 MHz, C D Q 3, ppm) 8 150.4, 144.1, 
117.73, 117.71, 103.5, 99.5, 91.4, 56.2, 41.1, 18.2, 10.7. IR (neat, cm-1) 
imax 2942, 2891, 2863, 2179 (C"C), 1620, 1546, 1502, 1468, 1432, 
1386, 1347, 1327, 1258, 1208, 1093, 1040, 1006, 886, 860, 802, 677, 666. HRMS (ESI) m/z 
calcd for C36H54NgO2Si2 + Na+ 681.37445, found 681.37552 (|A| = 1.58 ppm).
3.5.4 Synthesis o f  the octatriazole-fused naphthalocyanine
3.4-Bis(3-(triisopropylsilyl)prop-2-yn-1-yl)-3,4-dihydronaphtho[1,2-^:3,4-^']bis- 
([1,2,3]triazole)-8,9-diol (107). BBr3 (0.32 mL, 3.4 mmol) was added 
dropwise to a cooled solution (0 °C) of 99 (0.74 g, 1.1 mmol) in dry 
CH2Q 2 (8 mL). The resulting mixture was stirred at room temperature 
for 5 h under an argon atmosphere before another portion of BBr3 
(0.11 mL, 1.1 mmol) was added. After the reaction mixture was stirred 
for an additional 17 h at room temperature, the reaction was quenched 
by the addition of water (400 mL) and the resulting mixture was 
saturated with NaCl. The aqueous layer was extracted with C H Q 3 (3 x 
150 mL) and the combined organic layers were washed with brine and
dried over Na2SO4. After filtration and evaporation of the solvents, the residue was dissolved in 
ethyl acetate (300 mL) and successively washed with aq. NaOH (150 mL, 1M) and aq. HCl 
(150 mL, 10%) three times. The combined aq. NaOH layers and the combined aq. HCl layers 
were separately extracted once with ethyl acetate (150 mL) and the combined organic layers were 
subsequently washed with aq. Na2CO3 (3 x 150 mL, sat.), aq. HCl (150 mL, 10%) and dried over 
Na2SO4. After filtration, the solvents were evaporated and the crude product (0.60 g) was dried 
under vacuum and used without further purification in the next step.
3.4-Bis(3-(triisopropylsilyl)prop-2-yn-1-yl)-3,4-dihydronaphtho[1,2-^:3,4-^']bis- 
([1,2,3]triazole)-8,9-diyl bis(trifluoromethanesulfonate) (100).
According to the previously described method:[141] a solution of 107 
(0.60 g, 0.95 mmol) and Et3N (0.40 mL, 2.9 mmol) in CH2Cl2 (1 mL) 
was added dropwise to a cooled solution (-20  °C) of Tf2O (0.40 mL,
2.4 mmol) in CH2Cl2 (1 mL). The resulting mixture was warmed to 
room temperature over 4 h. After stirring for an additional 16 h, the 
reaction mixture was diluted with CH2Cl2 and the resulting mixture 
was washed with aq. NaOH (0.25M), aq. NH 4CI (1M) and dried over 
Na2SO4. After filtration, the solvents were evaporated and the residue 
was purified by column chromatography on silica gel using pentane/ethyl acetate (95/5 to 92/8) 
to afford the product (0.45 g, 45% over the two steps starting from 99) as a white solid containing
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approximately 5% of unknown impurities (NMR and ESIMS). !H NMR (400 MHz, CDCI3, 
ppm) 8 8.93 (s, 2H, CaH), 6.24 (s, 4H, CH 2), 0.97-0.88 (m, 42H, CH(CH3)i). 13C NMR 
(75 MHz, CDCI3, ppm) 8 142.9, 140.0, 123.2, 120.0, 118.7 (q, Jcf = 321.0 Hz), 118.5, 98.8, 92.5,
41.5, 18.3, 10.8. IR (neat, cm-1) ¿ w  2945, 2892, 2866, 2180 (C"C), 1434, 1219, 1137, 1083, 
1014, 871, 818, 751, 669, 599. HRMS (ESI) m /z calcd for C36H48F6N 6O6S2Si2 + H+ 895.25977, 
found 895.26224 (|A| = 2.76 ppm).
3,4-Bis(3-(misopropylsilyl)prop-2-yn-1-yl)-3,4-dihydronaphtho[1,2-^:3,4-rf]bis- 
([1,2,3]triazole)-8,9-dicarbonitrile (93). This reaction was carried out 
in a glove box (N2) according to the previously described method:[141] 
Zn(CN)2 (47 mg, 0.40 mmol) was added (in 20-25 equal portions over 
3 h) to a stirred solution of 100 (0.30 g, 0.34 mmol), Pd2(dba)3 (17 mg, 
17 ^mol) and dppf (37 mg, 67 ^mol) in DMF (0.85 mL) with the 
temperature adjusted to 80 °C. After the resulting mixture was stirred for 
an additional 30 min, the solvent was evaporated and the residue was 
purified by column chromatography on silica gel using CH2Cl2/pentane 
(1/2 to 2/1) and CHCl3 to afford the pure product (0.15 g, 67%) as a 
white solid. 1H NMR (400 MHz, C D Q 3, ppm) 8 9.30 (s, 2H, CaH), 6.25 (s, 4H, CH2), 0.91­
0.80 (m, 42H, CH(CH3)2). 13C NMR (75 MHz, C D O 3, ppm) 8 142.4, 129.8, 124.9, 120.8,
115.3, 113.4, 98.6, 92.8, 41.6, 18.2, 10.8. IR (neat, cm-1) ¿ w  2944, 2922, 2865, 2252 (C"N), 
2236 (C"N), 2181 (C"C), 1614, 1462, 1097, 1016, 906, 731, 683, 649. HRMS (ESI) m /z  calcd 
for C3sH48N 8Si2 + H+ 649.36187, found 649.36166 (|A| = 0.33 ppm).
2 3,4 1,1 1 3,1 3 1,2 0 3,2 2 1,2 9  3,3 1 1 -O c ta k is (3 -( tr iiso p r o p y ls ily l)p r o p -2 -y n -1 -
y l ) -2 3,4 1,1 1 3,1 3 1,2 0 3,2 2 1,2 9 3,3 1 1 -o c ta -  
hydrooctakis([l,2,3]triazolo)[4',5':2,3; 4",5”:
4,5; 4”',5'":1U2; 4"”,5”":13,14; 4 ....,5.... :20,
21; 4 .....,5..... :22,23; 4 ...... ,5...... :29,30; 4 ....... ,
5!!!!!!!!:31,32]-2,3-naphthalocyanatozinc(II) 
(71b). See General procedure 2.3 (p 50): 93 
(0.12 g, 0.19 mmol), ZnCl2 (33 mg, 0.24 mmol), 
DMAE (0.6 mL), 140 °C, 3.5 h. Column 
chromatography on silica gel using CH2Cl2/ 
isopropanol (99.5/0.5) and size-exclusion 
chromatography using CH2Cl2 afforded the pure 
product (17 mg, 13%) as a green solid. 1H NMR 
(300 MHz, THF-d8, ppm) 8 10.75 (s, 8H, 
CaH), 6.60 (s, 16H, CH2), 1.21-1.03 (m, 168H, 
CH(CH3)2). 13C NMR (75 MHz, THF-d8, 
ppm) 8 154.7, 146.0, 138.4, 124.9, 120.7, 118.1,
101.5, 91.1, 42.2, 18.7, 11.9. IR (neat, cm-1) 5max 2941, 2921, 2891, 2865, 2180 (C"C), 1729, 
1613, 1552, 1460, 1353, 1257, 1128, 1097, 1060, 1014, 995, 883, 798, 769, 678, 663, 624. UV- 
vis (THF (c = 1.99 x 10-6 M), nm) Imax (log s) 727 (5.68), 692 (4.74), 651 (4.78), 370 (5.01), 287 
(5.16), 260 (5.23). UV-vis (CH2O 2 (c = 1.99 x 10-6 M), nm) Imax (log s) 729 (5.58), 695 (4.73),
88
cpo
653 (4.75), 371 (5.04), 288 (5.18), 262 (5.24). MALDI-ToF MS (2,2':5',2-tertiophene) m /z calcd 
for C144H m N 32Si8Zn 2657.35, found 2656.94.
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Extending the Conjugation of Phthalocyanines 
by Using the Bergman Cyclisation Reaction
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In the first two chapters of the phthalocyanine (Pc) trilogy, novel 
transformations of octaacetylene-derived Pc using copper-catalysed 
azide-(halo)alkyne cycloaddition reactions were studied. In this 
chapter, the Pc trilogy ends with a conceptually different conjugation- 
extending transformation: the Bergman cyclisation (BC) reaction. 
This thermal transformation of an enediyne moiety allows one to 
extend the n-conjugation of the system by an additional benzene ring 
and shift the absorption maximum of the resulting compound into the 
red region. To date, the first example of the BC reaction performed on 
a Pc system has been carried out and is presented in this chapter. Two 
crucial issues need to be controlled to avoid undesirable side reactions: 
the n -n  aggregation of the Pc core and the limited solubility of octa- 
acetylene-derived Pc. These were achieved by synthesising an 
unsymmetrically substituted Pc, bearing two ethynyl groups and six 
acetylene moieties each protected with a bulky silyl group. Whereas 
the bulky silyl groups allow solubility to be retained and prevent the 
aggregation of the Pc units, the two ethynyl groups can undergo the 
BC reaction. This study was further extended; the bis(bromo- 
acetylene) Pc analogue, which can allow for an easy access to higher- 
acene Pcs through a cyclic reiterative approach, was synthesised.
4.1 Introduction
In Chapters 2 and 3, modular transformations of octaacetylene-derived phthalocyanine 
(Pc) 48 and its precursors, leading to octatriazole-derived Pcs 61a-61dt117131] and their 
planar analogue 70b,t157] were developed and optimised. In this chapter, another approach to 
extend the conjugation of Pc 48, using the Bergman cyclisation (BC) reaction,[67b-67c-68a] was 
investigated (Scheme 4.1, example of the BC reaction in bold). When a fourfold BC reaction 
is performed directly on Pc 48 (possessing four ori^o-diethynylbenzene moieties that can 
undergo the BC reaction), a simple route to 2,3-naphthalocyanines (2,3-Ncs; 109)* is 
developed.
* 1,2-Nc and 2,3-Nc are known; whereas 1,2-Nc has four isomers (with C4h, G, Civ and Dih symmetry), 
2,3-Nc has only one isomer (with D^ h symmetry).[158c158l193]
92
o S °
Scheme 4.1 Fourfold Bergman cyclisation reaction (in bold) of 48.
Ncs[132d-144-158] belong to the class of Pcs that have their conjugation system extended by 
four benzene rings and, over the past decades, have found use in various applications,t158h] for 
instance, as NLO materials for optical limiting.[132d-158b-158e-158s] The synthetic availability of 
peripherally substituted Ncs, however, is limited to few reactionst158h] and new versatile 
approaches are needed to easily access this challenging class of materials. Furthermore, the BC 
reaction generally proceeds via the biradical intermediate 1,4-benzyne (p 13);[67b-67c-68al the 
preparation and isolation of intermediate 110, an octaradical Nc precursor of 109, would 
therefore also be of interest.
4.2 Results and discussion
Several examples of the BC reaction carried out directly on porphyrin systems have 
previously been describedi74] Similar examples performed on Pc systems, however, have not 
been reported as a result of the very limited access to Pcs or their analogues with incorporated
1,2-diethynylbenzene moietiesin3-143-159] Our recent progress in acetylene-derived Pc 
chemistry[131] allowed us to systematically study the BC reaction in Pc materials.
4.2.1 Multifold Bergman cyclisation reaction o f  phthalocyanines
Initial attempts to perform a multifold BC reaction on a series of acetylene-derived Pcs 
were carried out and the results are summarised in Table 4.1. Although these results were not 
satisfactory, they motivated a more thorough design of the structure of the acetylene-derived 
Pcs that would eventually undergo the BC reaction; these results are discussed later in this 
chapter.
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Table 4.1 Bergman cyclisation reaction of acetylene-derivedPcs.M
Entry Type
Starting
cmpd Ri R2
c
(mM)
1,4-
CHD
(eq/104)
T
(°C)
t
(h)
Product
Yield
(%)
1 A 48 ethynyl H -[b] 0 170 48 109 0[c]
2 A 48 ethynyl H 0.6M 0.4 170 48 109 0[c]
3 A 48 ethynyl H 3M 0.2 170 48 109 0[c]
4 A 111
oct-1-
yn-1-yl
hexyl 1 0.4 170 72 112 0[e]
5 A 111
oct-1-
yn-1-yl
hexyl 0.9 0.5 210 90 112 0[f]
6 B 113 [g] H 0.5[d] 1 170 72 114 0[c]
[a] See General procedure 4.1 in this chapter. [b] The reaction was carried out in the solid state without solvent. 
[c] Formation of an unknown insoluble material was observed; the C=C and CC-H vibrational stretches were not 
present in the IR spectrum of the crude reaction mixture. [d] The starting compound was not soluble under the 
reaction conditions. [e] Quantitative recovery of the starting material occurred. [f] Mostly the starting material was 
present in the crude reaction mixture; !H NMR and UV-vis spectroscopic analyses, however, were indicative of the 
formation of a small amount of the partially fused intermediates of 112. [g] Ri = O(CH2CHiO)3CH3.
The first attempt to synthesise Nc 109 starting from 48 (entries 1-3) using the standard 
conditions (A, 1,4-CHD)t70] did not afford the desired product and resulted in the formation 
of an insoluble material that was not further characterised. This was likely the result of the 
low solubility and strong aggregation of Pc 48 in all organic solvents, which resulted in 
undefined intermolecular cross-linking of the Pc moieties and formation of insoluble 
polymers. To prevent solubility problems, previously described Pc 1 1 1 t113] (Table 4.1), a 
soluble analogue of 48 bearing eight acetylene moieties each equipped with a hexyl tail, was 
synthesised starting from phthalonitrile (Pn) 52 described in Chapter 2 (Scheme 4.2).
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Scheme 4.2 Synthesis ofPcs 111 and 113.
Several attempts to synthesise Nc 112 starting from Pc 111 using the BC reaction did 
not provide the desired product and led only to the recovery of the starting material (entry 4) 
or the formation of a small amount of the partially fused intermediates of 112 (entry 5). The 
observed decreased reactivity of 1 1 1  in the presence of the relatively bulky hexyl groups is in 
agreement with results previously described in the literature. t74b-74f] Higher temperatures 
or prolonged reaction times were necessary for the reaction to proceed in the presence of 
propylt74b] and butylt74f] groups, usually with medium efficiency (45-55% per BC reaction). 
To solve both solubility and steric issues, unsymmetrically substituted Pc 113 (Table 4.1), 
bearing six ethynyl groups that can undergo the BC reaction and two solubilising groups,1 
was synthesised (Scheme 4.2*). Similarly to the first attempt, this approach also did not afford 
the desired monobenzotrinaphthotetraazaporphyrin (1B3N-TAP) 114 under the same 
reaction conditions but instead led to the formation of insoluble material (entry 6).
f Despite the presence of the solubilising triethylene glycol tails, the solubility of Pc 113 was very low in most 
organic solvents except for THF, in which Pc 113 showed medium solubility.
* It is of interest to draw attention to the high efficiency (93%) of the cyanation step compared with the 
efficiency (73%) of the cyanation reaction of 57 (p 33). This might possibly be explained by the increased reactivity 
of triethylene glycol derivatives, as previously observed (pp 69 and 71).
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In addition to these experiments, fabrication of Langmuir-Blodgettt160 mono- and 
multilayer films of Pc 113 and subsequent studies of the relationship between the 
conductivity of the surface and the temperature were also of interest. Pc 113 is an amphiphilic 
molecule consisting of a hydrophobic Pc core and hydrophilic triethylene glycol tails, which 
forms a stable monolayer at the air-water interface, as shown by the compression isotherm 
depicted in Figure 4.1.
Figure 4.1 Compression isotherm of Pc 113 and schematic representations of the 
disordered (A) and ordered (B) monolayers of Pc 113.
By extrapolation of the steepest part of the curve as it tends to zero pressure, an area of 
35 A2 per molecule is obtained. This area is significantly smaller than the calculated area 
of 65 A2 when the molecules of Pc 113 would be oriented perpendicularly to the water 
surface with the two side chains distributed in the water layer (Figure 4.1, B). In 113, the 
diameter of the Pc core is approximately 19 A and the intermolecular distance between the 
centres of two face-to-face oriented Pcs is 3.4 A, giving an area of approximately 65 A 2 per 
molecule; the value of 19 A was obtained from semi-empirical calculations (MM2) and the 
value of 3.4 A was taken from the literature. [161] The observed 30 A2 difference can possibly 
be explained by a partial inclusion of the molecules of Pc 113 in the water layer during the 
deposition process caused by using THF as a co-solvent (2%). Studies on the structure of the 
monolayer are ongoing.
4.2.2 Synthesis o f  the non-aggregating ethynyl-derived phthalocyanines
The initial results described in the previous section indicate that the aggregation of the 
Pc moiety (by means of n -n  interactions) and the limited solubility are responsible for 
the formation of the insoluble side products. Both these issues can easily be resolved by 
placing suitable substituents on the acetylene moieties (e.g., TBDMS); these and previously 
described results, however, indicate that these substituents seriously hamper the BC reaction. 
To further explore the optimum conditions for the BC reaction, a number of test reactions on
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1,2-dialkynylbenzenes were performed (Table 4.2).§ By using the standard BC conditions, the 
bulky 1,2-dialkynylbenzenes 81 (TMS) and 120 (TBDMS) did not afford the desired 
naphthalenes 1 2 1c and 1 2 1 d, respectively, but led to the recovery of the starting materials 
(entries 4 and 6). Employing a higher reaction temperature for the less bulky 81 did not 
improve the efficiency and again led to the recovery of the starting material (entry 5). In the 
case of non- and low-sterically demanding 73 (H) and 75a (Br), respectively, the BC reaction 
proceeds with good to excellent efficiencies, as previously reported (entries 1 -3 ) i70-162]
Table 4.2 Bergman cyclisation reaction of1,2-dialkynylbenzenes.M
Entry
Starting 
cmpd (R)
Solvent
c
(M)
1,4-
CHD
(eq/103)
T
(°C)
t
(h)
Product
Yield
(%)
Ref.
1 73 (H) 1,4-CHD 0 1 165 [b] 121a 36[c-d] [162a]
2 73 (H) toluene 0 0.04 190 3 121a >99[c] [162b]
3 75a (Br) benzene 0 0.03 180 2 121b 70 [70]
4 81 (TMS)W toluene 0 0.03 180 72 121c 0[f] -
5 81 (TMS)W toluene 0 0.03 210 72 121c 0[f] -
6
120
(TBDMS)
toluene 0 0.03 180 72 121d 0[f] -
[a] See General procedure 4.1 in this chapter. [b] Not specified; 100% consumption of the starting material 
occurred. [c] Determined by GCMS. [d] Two 1,4-CHD-adduct side products were detected in the crude reaction 
mixture. [e] For the synthesis of 81, see Experimental section 3.5. [f] Quantitative recovery of the starting material 
occurred.
To solve both aggregation and solubility issues, unsymmetrically substituted Pc 122 , 
bearing two ethynyl groups that can undergo the BC reaction and six acetylene moieties each 
equipped with a TBDMS-protecting group to prevent aggregation, was designed and 
synthesised (Scheme 4.3). Since the direct use of ethynyl-derived Pns in the synthesis of Pcs is 
not possible,t116] the synthesis of Pc 123 equipped with an additional protecting group had to 
be developed prior to the synthesis of 12 2 .
§ For other examples of sterically hindered BC reactions, see the literature.[74b]
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Scheme 4.3 Two studied approaches (A and B) towards the synthesis of Pc 122.
Two approaches (A and B) towards the synthesis of 123 were investigated (Scheme 4.3). 
In the first approach (A), a TMS-protecting group (123a) was chosen to allow for the 
selective deprotection (step 3) under mild conditions (K2CO3, rt). TMSA-derived Pns are, 
similarly to ethynyl-derived Pns, not suitable as precursors in the synthesis of Pcsi116] Thus, 
dibromo-derived Pc 124, which can afford Pc 123a by using the Sonogashira reaction 
(step 2), had to be synthesised first. Pc 124 was synthesised starting from Pns 52 and 59, 
reported in Chapter 2, by using the standard procedure (ZnCl2, DMAE; step 1). Apart from 
the desired product 124, symmetrically substituted Pc 60, which was the main side product,
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and four other Pc side products (containing Pns 52 and 59 in 1/1, 3/1 and 4/0  ratios) were 
also present in the crude reaction mixture (MALDI-ToF MS). Despite the small differences 
in polarity between the product and the side products, column chromatography on silica gel 
using pentane/CHCVpyridine (66.5/33.25/0.25) eventually afforded several distinct 
fractions; every fraction, however, contained a mixture of the desired product and all side 
products (MALDI-ToF MS).
In the second approach (B), Pc 123b bearing more stable TBDMS- and prop-2-ol-2-yl- 
protecting groups was effectively synthesised in one step starting from the corresponding Pns
125 and 59 in 33% yield (step 4). The reaction had to be stopped immediately after the 
starting materials were consumed (3 h); when a prolonged reaction time (15 h) was applied, 
the product was obtained in a significantly decreased yield (16%) due to its fast 
decomposition under the reaction conditions. Selective removal of the prop-2-ol-1-yl- 
protecting groups in 123b (step 5) was carried out using the standard procedure (NaOH, 
reflux); the use of an excess of NaOH, however, resulted in a low yield (11%) and the 
formation of several undefined side products (Table 4.3, entry 1). Thus, the crucial 
parameters (the number of equivalents of NaOH and the reaction time) were varied (entries 2 
and 3) and the maximum efficiency (65%) was obtained using the optimised conditions 
(NaOH (2 eq), 6 h).
Table 4.3 Synthesis of 122 from 123b by the selective removal of the prop-2-ol-2-yl 
groups (seeScheme 4.3, step 5).[a]
L o h
123b | OH |22
Entry NaOH (eq) c (mM) t (h) Yield (%)
1 20 6 22.5 11M
2 2 7 6H 65
3 2 7 2 49
[a] 123b (1 eq), NaOH, toluene, reflux. [b] Formation of a toluene- 
adduct ([M+^  + 92]) side product occurred, [c] Reaction was followed 
by MALDI-ToF MS and stopped after no starting or monoprotected 
materials were detected.
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4.2.3 Bergman cyclisation reaction o f  non-aggregating phthalocyanines
After the synthesis of unsymmetrically substituted Pc 122 was developed and optimised, 
the BC reaction of Pc 122 was investigated (Scheme 4.4).
\
" S i
/
Scheme 4.4 Synthesis of 3B1N-TAP 126from Pc 122 by using the BC reaction (in 
bold).
As mentioned above, Pc 122 possesses two ortho-localised ethynyl groups that can 
undergo the BC reaction and, additionally, six acetylene moieties each equipped with a bulky 
TBDMS-protecting group to prevent aggregation of the Pc core. Accordingly, when Pc 122 
underwent the BC reaction, the desired tribenzomononaphthotetraazaporphyrin (3B1N- 
TAP) 126, possessing a naphthalene moiety instead of a 1,2-diethylenebenzene moiety 
(Scheme 4.4, in bold), was obtained in 85% yield.
The progress of the reaction was monitored by IR spectroscopic and MALDI-ToF MS 
analyses of the crude reaction mixture. In the IR spectrum, the C C -H  vibrational stretch (at 
3305 cm-1) of the two ethynyl groups in 122 progressively disappears (Figure 4.2a); in the 
MALDI-ToF MS spectrum, a difference of two mass units (+ 2H) between the exact-mass 
molecular peak ([M+^]) of the starting material and the product is observed (Figure 4.2b). A 
significant change is also observed in the UV-vis spectra of Pc 122 and 3B1N-TAP 126; this 
is discussed in Section 4.2.4.
x
' X
chlorobenzene
X
X
X
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Figure 4.2 IR (a) andMALDI-ToF MS (b) spectra of Pc 122 (top) and 3B1N-TAP 
126 (bottom).
4.2.4 Towards higher-acene-derived “clickable” phthalocyanines
To the best of our knowledge, the BC reaction of 122 to afford 126 is the first example of 
this reaction performed on a Pc system. To extend this study, it was of interest whether Pc 
127, a dibromo analogue of 122, would also undergo the BC reaction under the same 
conditions to afford 3B1N-TAP 128 (Scheme 4.5). Pc 127 can be effectively obtained 
starting from Pc 122 by using a standard bromination reaction (NBS, AgNO 3)t135a] in very 
high yield. Due to the decreased stability of 1,2-bis(bromoethynyl)benzene,t70] crude 127 was 
employed in the BC step to afford the desired 3B1N-TAP 128 in 82% yield (over the two 
steps).
Similarly to the previously described reiterative approach to anthracene derivatives 
(Scheme 1.5, p 13),[70] 3B1N-TAP 128 represents a versatile precursor to higher-acene- 
derived tribenzotetraazaporphyrins (3B-TAPs). By using a series of Sonogashira cross­
coupling (i), in situ deprotection-bromination (ii) and BC steps, tetracene- (n = 3) and 
pentacene-derived (n = 4) 3B-TAPs can be efficiently obtained in two and three cycles, 
respectively (Scheme 4.5).
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i, ¡i
Scheme 4.5 Synthesis of 3B1N-TAP 128 and a reiterative approach to tetracene- 
(n = 3) and pentacene-derived (n = 4) 3B-TAPs: (i) TMSA, CuI,
Pd(PPhs)4; (ii) NBS, AgF.
Considering the generally observed reactivity in cross-coupling reactions (I > Br «¡ OTf 
> Cl),[37a] the use of 129, a diiodo-analogue of 3B1N-TAP 128, could perhaps be more 
suitable for this purpose; the previously described BC reaction of porphyrins possessing 1,2- 
bis(iodoethynyl)benzene moiety, however, resulted in the high temperature substitution of 
the iodine atom by hydrogen (from 1,4-CHD) and chlorine (from the solvent) atomsi74e]
Tetracenes and pentacenes (and recently also hexacenes and heptacenes) have long been 
the subject of intense studyt163] because of the unique electronic properties associated with 
their n-bond topology. Recent reports of impressive semiconductor propertiest164] have 
reinvigorated research in this field, leading to new methods for their synthesis, 
functionalisation and purification, as well as for fabricating organic electronic components. 
Although Ncs and anthracocyanines (Acs) are well known from the literature[158c-158i] and the 
synthesis of pentacene-2,3-dicarbonitrile derivatives was previously described,!165! attempts to 
synthesise tetracocyanines and pentacocyanines have not yet been described. Likewise, no 
attempts to employ pentacene-2,3-dicarbonitrile derivatives in the synthesis of pentacene- 
derived TAPs were reported. This is most likely due to stability reasons; from a short series of 
Acs, only CoAc shows good stability when stored in the dark, VOAc and CuAc decompose 
rapidly during column chromatography and H 2Ac decomposes within a few days even if 
stored in the dark under nitrogeni144] From this perspective, the cyclic reiterative approach 
depicted in Scheme 4.5 represents a novel elegant methodology towards higher-acene-derived 
TAPs.
The 3B1N-TAPs 126 and 128 (and the corresponding higher-acene analogues) are new 
examples of peripherally fused-ring-substituted Pcs with reduced symmetry that, nowadays, 
are finding use in an increasing number of industrial applicationsi142] Since understanding
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the impact of different structural modifications on the electronic structure is important for 
the development of new applications, an easy access towards a variety of Pcs with reduced 
symmetry is o f central importance. From this perspective, the BC reaction of 127 and the 
reiterative route depicted in Scheme 4.5 represent an elegant approach towards this goal. 
Illustration of how the final electronic properties can considerably alter with minor structural 
changes is demonstrated by comparing the UV-vis absorption spectra of the prepared 
molecules 122, 126 and 128 (Figure 4.3).
Figure 4.3 UV-vis absorption spectra in THFat 1.8 x 1 0 6 M  (left) and the Q-band 
region insets (right) of the prepared molecules 122, 126and 128.
The reduced-symmetry porphyrins and their analogues, including the metal-free 
symmetrical derivatives, usually show a splitting of the Q-band in their UV-vis absorption 
spectra. The splitting of the Q-band is clearly observed in the case of TAPs 126 and 128; in 
the case of Pc 122, however, no such splitting is observed. This can be explained by a similar 
electronic effect of the free- and the protected-acetylene groups in 122 on the Pc core, which 
does not break the electronic symmetry. In addition to the symmetry-breaking effect, TAPs
126 and 128 show a significant red shift of their Q-band centres (17 and 16 nm, respectively) 
when compared with the Q-band maximum of Pc 122 (at 708 nm). TAP 126 shows a 
symmetrical splitting of the Q-band (at 745 and 705 nm) with the Q-band centre localised at 
725 nm; the splitting of the Q-band of 128 (at 738 and 710 nm) is significantly smaller and 
less symmetrical than that of 126, with the Q-band centre localised at 724 nm. Additionally, 
the values of the extinction coefficients of the Q-band maxima of 128 are approximately half 
of the values obtained for 126. W hen compared with analogous non-substituted Zn-3B1N- 
TAP described in the literaturef142] (Q-bands at 681 and 693 nm, and the Q-band centre at 
687 nm), both 126 and 128 show bigger splitting of their Q-bands and significant red shifts 
of their Q-band centres (38 and 37 nm, respectively). This is in agreement with the normally 
observed approximately 4 -6  nm red shift per acetylene unit in the Q-band region of alkynyl- 
substituted Pcs.
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Finally, the BC reaction of Pc 122 and its dibromo-analogue 127 represents a novel 
unique access to acene-derived TAPs with reduced symmetry, properties of which can be 
finely tuned by introducing extra benzene rings. Moreover, the presence of the additional six 
acetylene groups enables further postmodification of the periphery and more precise tuning 
of the final material’s properties by using the CuAAC reaction.
4.3 Conclusion
In summary, the first example of the BC reaction performed on a Pc system was 
demonstrated. Two crucial issues that need to be controlled to avoid the undesired side 
reactions are the aggregation of the Pc moiety (by means of n -n  interactions) and the limited 
solubility. To achieve this, the unsymmetrically substituted Pc 122 , bearing two ethynyl 
groups and six acetylene moieties each equipped with a TBDMS-protecting group, was 
synthesised. Whereas the six protected acetylene moieties allowed the molecule to retain its 
solubility and prevent aggregation, the two ethynyl groups successfully underwent the BC 
reaction. This study was further extended; the dibromo analogue of 122, Pc 127, was 
synthesised as a novel precursor to access higher-acene TAPs by using the cyclic reiterative 
approach. In this design, the final material’s properties can be tuned by introducing an extra 
benzene ring and by postmodification of the remaining six acetylene groups by using the 
CuAAC reaction. Our approach is of interest for the construction of “clickable” higher-acene 
TAPs with reduced symmetry, platforms for optically tuneable multivalent chromophores.
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4.5 Experimental section
General. For general information, see Experimental section 2.5 (p 47). For the synthesis of
4.5-bis(tert-butyldimethylsilylethynyl)phthalonitrile (59), 4,5-dibromophthalonitrile (52) and
2,3,9,10,16,17,23,24-octakis(ethynyl)phthalocyanatozinc(ll) (48), see Experimental section 2.5 
(pp 53, 52 and 55). For the synthesis of 1,2-bis(bromoethynyl)benzene (75a), 1,2-bis((trimethyl- 
silyl)ethynyl)benzene (81) and 1,2-diethynylbeznene (73), see Experimental section 3.5 (p 80).
4.5-Dibromobenzene-1,2-diol ( 116)[166] and 2-(2-(2-methoxyethoxy)ethoxy)ethyl 4-methyl- 
benzenesulfonatet126] are known from the literature and were prepared following the described 
procedures.
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1.2-Bis((/eri-butyldimethylsilyl)ethynyl)benzene (120). See General procedure 2.1 (p 50): 
1,2-dibromobenzene (2.0 g, 8.5 mmol), Pd(PPh3)4 (0.49 g, 0.42 mmol), CuI
(0.16 g, 0.85 mmol), Et^N (20 mL), fcri-butyldimethylsilylacetylene (2.5 g, 
18 mmol), 70 °C, 44 h (after 20 h, the second portion of Pd(PPh3)4 (0.25 g, 
0.21 mmol), CuI (0.16 g, 0.85 mmol) and feri-butyldimethylsilylacetylene (0.59 g,
2.5 mmol) was added). Column chromatography on silica gel using hexane afforded 
the pure product (0.27 g, 60%) as a yellowish oil. !H NMR (300 MHz, CDCI3, 
ppm) 8 7 5 6 -7 3 7  (m, 2H, AA' of AA'BB'), 7.33-7.14 (m, 2H, BB' of AA'BB'),
1.01 (s, 18H, CCH 3), 0.19 (s, 12H, SiC H ). 13C NMR (75 MHz, CDCL, ppm) 8 132.8 (CH), 
127.9 (CH), 125.6, 104.0, 96.7, 26.2 (CH3), 16.7, -4.5 (CH3). IR (neat, cm-1) ymax 2949, 2925, 
2883, 2856, 2157 (C=C), 1469, 1249, 866 , 830, 772, 755. HRMS (EI) m /z calcd for C22^ S i 2 
354.2199, found 354.2194 (|A| = 1.4 ppm).
1.2-Dibromo-4,5-bis(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)benzene (117). According 
to the previously described method:[167] a solution of 116 (0.63 g, 2.3 mmol) 
and 2-(2-(2 -methoxyethoxy)ethoxy)ethyl 4-methylbenzenesulfonate (2.2 g,
7.0 mmol) in MeCN (100 mL) was saturated with argon (30 min) before 
K2C O 3 (1.3 g, 9.3 mmol) was added and the resulting mixture was heated at 
reflux for 24 h under an argon atmosphere. After the solvent was evaporated,
the residue was purified by column chromatography on silica gel using ethyl acetate and ethyl 
acetate/MeOH (95/5) to afford the pure product (1.3 g, 98%) as a light brown oil. 1H NMR 
(300 MHz, CDCl3, ppm) 8 7.13 (s, 2H, C aH ), 4.12 (t, J  = 4.6 Hz, 4H, C H 2), 3.83 (t, J  = 4.6 Hz, 
4H, CH2), 3.75-3.59 (m, 12H, C H 2), 3.58-3.49 (m, 4H, C H 2), 3.37 (s, 6H, C H 3). 13C NMR 
(75 MHz, CDCl3, ppm) 8 148.8, 119.1 (CH), 115.3, 71.9 (CH2), 70.9 (CH2), 70.7 (CH2),
70.5 (CH2), 69.6 (CH2), 69.3 (CH2), 59.0 (CH3). IR (neat, cm-1) Vmax 2876, 1581, 1496, 1445, 
1348, 1251, 1200, 1106, 1053, 949, 853, 650. ESIMS m /z (%) 585 ([M + Na+ + 4], 51), 583 ([M 
+ Na+ + 2], 100), 581 ([M + Na+], 52), 563 ([M + H+ + 4], 2), 561 ([M + H+ + 2], 4), 559 ([M 
+ H+], 2). HRMS (ESI) m /z  calcd for C2oH32Br2O8 + H+ 559.05422, found 559.05561 (|A| = 
2.49 ppm).
4,5-Bis(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)phthalonitrile (118). 117 (0.36 g, 
0.64 mmol), Zn(CN )2 (75 mg, 0.64 mmol) and Pd(PPh3)4 (60 mg, 52 ^mol) 
were placed in a Schlenk tube equipped with a stirrer and the system was 
evacuated and filled with argon three times. DMF (10 mL, <0.01% H 2O) and 
pyridine (50 ^L) were added with a syringe and the resulting mixture was 
heated at 120 °C for 24 h under an argon atmosphere. After this period, the 
second portion ofZn(C N )2 (30 mg, 0.26 mmol) and Pd(PPh3)4 (30 mg, 26 ^mol) was added and 
the reaction mixture was heated at 120 °C for an additional 24 h before it was cooled down. 
CHCL was added and the resulting solution was washed with aq. N H 3 (10%) and dried over 
Na2SO4. After filtration, the residue was purified by column chromatography on silica gel using 
ethyl acetate and ethyl acetate/MeOH (95/5) to afford the pure product (0.27 g, 93%) as a 
colourless oil. 1H NMR (200 MHz, CDCL, ppm) 8 7.22 (s, 2H, C aH ), 4.25-4.15 (m, 4H, 
CH2), 3.89-3.80 (m, 4H, CH 2), 3.72-3.54 (m, 12H, C H 2), 3.54-3.44 (m, 4H, C H 2), 3.31 (s,
4.5.1 Synthesis o f  the 1,2-bis(acetylene) and phthalonitrile precursors
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6H, CH 3). 13C NMR (50 MHz, CDCL, ppm) 8 152.2,116.8, 115.6, 108.5, 71.7, 70.8, 70.4, 70.3,
69.2, 69.1, 58.8. IR (neat, cm-1) ¿ w  2873, 2817, 2230 (C=N), 1587, 1564, 1518, 1452, 1408, 
1350, 1289, 1228, 1092, 1027, 947, 888 , 851. HRMS (ESI) m /z calcd for C22H 32N 2O 8 + H+ 
453.22369, found 453.22393 (|A| = 0.52 ppm).
4.5-Di(oct-1-yn-1-yl)phthalonitrile (115). See General procedure 2.1 (p 50): 52 (0.29 g,
1.0 mmol), Pd(PPh3)4 (0.12 g, 0.10 mmol), CuI (77 mg, 0.40 mmol), Et3N 
(15 mL), oct-1-yne (0.29 g, 3.0 mmol), 60 °C, 2 d. Column chromatography 
on silica gel using heptane/CH2Cl2 (2/1) afforded the pure product (0.27 g, 
77%) as a yellowish solid. 1H NMR (300 MHz, CDCL, ppm) 8 7.70 (s, 2H, 
CArH), 2.49 (t , ƒ  = 6.9 Hz, 4H, C CCH 2), 1.72-1.55 (m, 4H, CH 2), 1.54-1.40 
(m, 4H, C H 2), 1.39-1.17 (m, 8H, C H 2), 0.99-0.79 (m, 6H, CH3). 13C NMR
(75 MHz, CDCl3, ppm) 8 136.3 (CH), 131.7,114.8, 113.3, 102.4, 77.4, 31.3 (CH2), 28.5 (CH2),
28.2 (CH2), 22.5 (CH2), 19.8 (CH2), 14.0 (CH3). The 1H NMR spectroscopic data are in 
agreement with those previously described.!113!
4.5-Bis(3-hydroxy-3-methylbut-1-yn-1-yl)phthalonitrile (125). See General procedure 2.1 
(p 50): 52 (0.30 g, 1.0 mmol), Pd(PPh3)4 (59 mg, 52 ^mol), CuI (39 mg, 
0.21 mmol), Et3N /T H F (9 mL, 2/1), 2-methylbut-3-yn-2-ol (0.23 g,
2.7 mmol), 70 °C, 2 d. Column chromatography on silica gel using pentane/ 
ethyl acetate (2/1  to 1/ 1) afforded the pure product (0.26 g, 88%) as a 
yellowish solid. 'H  NMR (300 MHz, CDCI3, ppm) 87.75 (s, 2H, C aH ), 3.93 
(s, 2H, OH), 1.63 (s, 12H, CH 3). 13C NMR (75 MHz, CDCL, ppm) 8 135.5
(CH), 130.8, 114.5, 114.1, 105.4, 78.2, 65.6, 30.9 (CH3). IR (neat, cm-1) ¿max 3372 (b, O -H ), 
2985, 2935, 2232 (C=C, C=N), 1589, 1523, 1489, 1382, 1362, 1305, 1267, 1213, 1164, 959, 
912, 879, 532. The molecular peak could not be detected by any of the available MS techniques 
(EI, ESI, GC, MALDI-ToF).
4.5.2 Synthesis o f  the acetylene-derived phthalocyanines
2,3,9,10,16,17-Hexakis(ieri-butyldimethylsilylethynyl)-23,24-bis(2-(2-(2-methoxy-
ethoxy)ethoxy)ethoxy)phthalocyanatozinc(n) (119). See
General procedure 2.3 (p 50): 59 (0.25 g, 0.61 mmol), 118 
(47 mg, 0.11 mmol), ZnCl2 (25 mg, 0.18 mmol), DMAE 
(1.5 mL), 10 h. Column chromatography on silica gel using 
CHCL/M eOH (99.75/0.25) afforded the symmetrically 
substituted phthalocyanine side product 60 (0.17 g, 66%); 
the subsequent elution with CHCL/M eOH (98.5/1.5) and 
precipitation from CH Cl3 with MeOH afforded the pure 
product (48 mg, 26%) as a green solid. 1H NMR (300 MHz, 
CDCl3, ppm) 8 9.79 (bs, 2H, C aH ), 9.66 (s, 2H, C aH ), 9.65 
(s, 2H, C aH ), 8.71 (bs, 2H, C aH ), 4.21-3.78 (bm, 4H, 
C H 2), 3.40-2.45 (bm, 26H, C H 2 + O C H 3), 1.23 (s, 18H, 
CCH 3), 1.22 (s, 18H, CCH 3), 1.03 (bs, 18H, CCH 3), 0.41 (s, 12H, SiCH3), 0.39 (s, 12H,
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SiC H ), 0.25 (bs, 12H, SICHb). IR (neat, cm-1) ymax 2957, 2928, 2893, 2882, 2858, 2150 (C=C),
1490, 1471, 1435, 1397, 1246, 1139, 1103, 1087, 1023, 689, 839, 774, 611.
2,3,9,10,16,17-Hexakis(ethynyl)-23,24-bis(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)-
phthalocyanatozinc(ll) (113). A mixture of 119 (35 mg, 20 ^mol),
TBAF (1 mL, 1M in THF) and TH F (30 mL) was stirred at room 
temperature for 22 h before the solvent was evaporated. The crude 
product was purified by column chromatography on silica gel using 
C H iCli/M eO H  (100/0 and 9/1) and subsequently sonicated in 
MeOH (100 mL) and centrifuged in four cycles to afford the pure 
product (19 mg, 90%) as a green solid. 1H NMR (300 MHz, THF- 
ds, ppm) 8 9.15 (s, 2H, C aH ), 9.00 (s, 2H, C aH ), 8.95 (s, 2H,
CaH ),  8.34 (s, 2H, CaH ), 4.93-4.77 (m, 4H, CHz), 4.37-4.29 (m,
4H, CHi), 4.26 (s, 2H, CCH), 4.26 (s, 2H, CCH), 4.25 (s, 2H,
CCH), 4.08-4.00 (m, 4H, C H ), 3.89-3.82 (m, 4H, C H ), 3.78-3.70 (m, 4H, CHz), 3.62-3.54 
(m, 4H, CHi), 3.36 (s, 6 H, CH 3). 13C NMR (75 MHz, THF-ds, ppm) 8 (3C overlapped) 155.1,
152.6, 152.3, 151.1, 150.9, 137.4, 137.3, 137.2, 132.6, 127.6, 127.5, 127.4, 126.5, 126.2, 126.1,
106.2, 84.5, 84.4, 83.8, 72.9, 72.0, 71.7, 71.4, 70.7, 70.2, 58.9. IR (KBr, cm-1) imax 3288 (C C -H ),
2926, 2104 (C=C), 1609, 1490, 1437, 1396, 1386, 1297, 1279, 1130, 1098, 1065, 951, 903, 859,
804, 747. UV-vis (THF, nm) Imax 705, 685, 647, 623, 365, 298. MALDI-ToF MS (2,2':5',2- 
tertiophene) m /z calcd for C 58H 44N 8O 8Zn 1044.26, found 1043.99.
2,3,9,10,16,17,23,24-Octakis(oct-1-yn-1-yl)phthalocyanatozinc(ll) (111). See General
procedure 2.3 (p 50): 115 (0.21 g, 0.60 mmol), ZnCl2 
(20 mg, 0.15 mmol), DMAE (2 mL), 18 h. Column 
chromatography on silica gel using CHiCli/isopropanol 
(99.5/0.5) and precipitation from C H O 3 with MeOH 
afforded the pure product (90 mg, 42%) as a green solid.
1H NMR (300 MHz, C D O 3, ppm) 8 7.83 (bs, 8H, C aH ),
2.56-2.38 (bm, 16H, CHz), 1.86-1.38 (m, 64H, CHz),
1.16-0.96 (m, 24H, CH3). 13C NMR (75 MHz, CDCl3, 
ppm) 8 151.9, 135.0, 126.2, 124.8, 95.1, 80.3, 31.8, 29.2,
29.1, 22.8, 20.1, 14.3. IR (KBr, cm-1) Vmax 2953, 2928, 2856,
2220 (C=C), 1607, 1486, 1463, 1440, 1400, 1296, 1096,
1052, 901, 743, 701. UV-vis (THF, nm) Imax 740 (sh), 706, 674, 635, 369, 309. MALDI-ToF MS 
(dithranol) m /z  calcd for C 96H ii2N 8Zn 1440.83, found 1440.65. The 1H NMR and UV-vis 
spectroscopic data are in agreement with those previously described.!113
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2 .3 .9 .10 .16 .17-H exakis(ieri-bu ty ld im ethylsily lethynyl)-23 ,24-b is(3-hydroxy-3-
methylbut-1-yn-1-yl)phthalocyanatozinc(ll) (123b). See
the General procedure 2.3 (p 50).
Method A. 59 (0.81 g, 2.0 mmol), 125 (0.19 mg, 0.66 mmol), 
ZnCli (90 mg, 0.66 mmol), DMAE (5 mL), 15 h.
Method B. 59 (1.2 g, 2.9 mmol), 125 (0.26 g, 0.90 mmol), 
ZnCli (0.13 g, 0.97 mmol), DMAE (7 mL), 3 h.
Column chromatography on silica gel using CHC^/pyridine/ 
acetone (99/0.5/0.5) afforded the symmetrically substituted 
phthalocyanine side product 60 (0.27 g, 32% (Method A); 
0.71 g, 57% (Method B)); subsequent elution with C H Q 3/ 
pyridine/acetone (98.5/0.5/1) and precipitation from CH Cl3 
with MeOH afforded the pure product (0.16 g, 16% (Method A); 0.50 g, 35% (Method B)) 
as a green solid. 1H NMR (300 MHz, THF-ds, ppm) 8 9.54 (bs, 2H, C aH ), 9.54 (bs, 2H, 
C aH ), 9.54 (bs, 2H, C aH ), 9 .39 (bs, 2H, C aH ), 4.89 (s, 2H, OH), 1.77 (s, 6H, O C C H 3), 
1.23 (s, 18H, SiCCH3), 1.23 (s, 18H, SiCCH3), 1.22 (s, 18H, SiCCHs), 0.43 (s, 12H, 
SiCH3), 0.42 (s, 12H, SiCH3), 0.42 (s, 12H, SiCH3). 13C NMR (75 MHz, THF-ds, ppm) 8 
(8C overlapped) 154.7, 154.1, 153.9, 138.1, 137.9, 128.2, 127.9, 127.1, 127.01, 126.97, 
126.5, 105.8, 105.74, 105.73, 102.3, 99.12, 99.09, 99.05, 81.3, 65.2, 32.1, 26.8, 17.5, 17.4, 
-4.18, -4.20, -4.22. IR (neat, cm-1) imax 2956, 2928, 2885, 2857, 2149 (C=C), 1609, 1485, 
1470,1462, 1434, 1397, 1360, 1295,1249, 1139,1097, 1026,1006, 901, 864, 832, 806, 774, 
747, 677, 599. UV-vis (THF, nm) Imax 708, 676, 637, 372, 307. MALDI-ToF MS 
(dithranol) m /z calcd for C 9oHii2N 8O 2Si6Zn 1568.68, found 1568.27.
2.3.9.10.16.17-Hexakis(ieri-butyldim ethylsilylethynyl)-23,24-bis(ethynyl)phthalo-
cyanatozinc(ll) (122). A mixture of 123b, finely ground 
NaOH and toluene was heated to reflux before the solvent 
was evaporated and the residue was purified by column 
chromatography on silica gel using CH Cl3/pyridine/acetone 
(99.65/0.1/0.25 to 98.9/0.1/1).
Method A. 123b (90 mg, 57 ^mol), NaOH (46 mg,
1.1 mmol), toluene (10 mL), 22.5 h.
Method B. 123b (0.45 g, 0.28 mmol), NaOH (23 mg, 
0.57 mmol), toluene (40 mL), 6 h.
Method C. 123b (70 mg, 45 ^mol), NaOH (4 mg, 
0.09 mmol), toluene (6 mL), 2 h.
The pure product (9.0 mg, 11% (Method A); 0.27 g, 65% (Method B); 32 mg, 49% (Method 
C)) was obtained as a green solid. 1H NMR (400 MHz, THF-ds, ppm) 8 9.44 (s, 2H, CatH),
9.26 (s, 2H, CatH), 9.04 (bs, 2H, C aH ), 8.90 (bs, 2H, C aH ), 4.22 (s, 2H, CCH), 1.30 (s, 
9H, CCH 3), 1.26 (s, 9H, CCH 3), 1.26 (s, 9H, C C H 3), 0.54 (s, 6H, SiC H ), 0.51 (s, 6H, 
SiCH3), 0.49 (s, 6H, SiCH3). 13C NMR (75 MHz, THF-ds, ppm) 8 (4C overlapped) 153.8,
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153.4, 152.9, 138.1, 137.6, 137.4, 128.6, 128.30, 128.25, 128.0, 127.8, 127.5, 127.1, 126.9,
126.8, 106.3, 105.8, 105.7, 98.92, 98.89, 84.7, 83.5, 27.0, 26.93, 26.90, 17.6, -3.86, -3.89,
-4.0. IR (neat, cm-1) imax 3305 (C C -H ), 2952, 2927, 2896, 2855, 2148 (C=C), 2106 
(C=CH), 1603, 1430, 1396, 1297, 1246, 1137, 1089, 1023, 872, 832, 807, 774, 746, 678.
UV-vis (THF (c = 1.83 x 10-6 M), nm) Imax (log e) 708 (5.41), 675 (4.53), 636 (4.58), 372 
(4.98), 308 (4.72), 276 (4.71), 256 (4.90). MALDI-ToF MS (dithranol) m /z calcd for 
C 84HiooN8Si6Zn 1452.60, found 1452.76.
4.5.3 Bergman cyclisation reaction o f  non-aggregating phthalocyanines
General procedure 4.1 for the BC reaction. A solution of 1,2-bis(acetylene) in toluene or 
chlorobenzene was saturated with argon (30 min) before the addition of 1,4-CHD. The reaction 
mixture was then heated in a pressure tube in the dark until no starting material was present 
(MALDI-ToF MS). The solvents were evaporated and the residue was purified by column 
chromatography on silica gel to afford the pure product.
22,23,72,73,122,123-Hexakis(ieri-butyldimethylsilylethynyl)tribenzo[b,g,/]naphtho-
[^]-5,10,15,20-tetraazaporphyrinatozinc(II) (126). See
General procedure 4.1 (p 109): 122 (13.8 mg, 9.48 ^mol), 
chlorobenzene (10 mL), 1,4-CHD (0.5 mL), 200 °C, 5 h.
Column chromatography on silica gel using CH iCli, 
C H iCli/M eO H  (97/3) and C H C b/M eO H  (94/6) afforded 
the pure product (11.7 mg, 85%) as a green solid. IR (neat, 
cm-1) imax 2952, 2926, 2853, 2147 (C=C), 1605, 1484, 1460,
1396, 1362, 1298, 1249, 1104, 1089, 1025, 867, 831, 807,
776, 679. UV-vis (THF (c = 1.79 x 10-6 M), nm) Imax (log e)
745 (5.37), 705 (5.35), 680 (4.88), 635 (4.67), 368 (5.13), 309 
(4.88), 278 (4.94), 255 (5.04). MALDI-ToF MS (dithranol) 
m /z calcd for Cs^KuNsSigZn 1454.61, found 1454.35. 
Significant broadening of the NMR signals did not allow interpretation of the NMR spectra.
23,24-Dibromo-72,73,122,123,172,173-hexakis(ieri-butyldimethylsilylethynyl)tribenzo-
[g,/,^]naphtho[b]-5,10,15,20-tetraazaporphyrinatozinc(II)
(128). A solution of AgNO3 (9 mg, 0.05 mmol) in water 
(0.2 mL) was added to a stirred solution of 122 (25 mg,
17 ^mol) and NBS (14 mg, 79 ^mol) in THF (1.5 mL). The 
resulting mixture was stirred at room temperature in the dark 
for 3 h before MeOH (30 mL) was added (no starting material 
or monobrominated side product were present in the crude 
reaction mixture after this period (MALDI-ToF MS)).
The formed precipitate was collected by centrifugation and 
washed twice with MeOH (30 mL) before chlorobenzene 
(15 mL) was added. Upon sonication, the phthalocyanine 
intermediate 127 dissolved and the remaining fine white 
precipitate was separated by centrifuging and decanting of the phthalocyanine solution. The
109
precipitate was washed once with chlorobenzene (5 mL) and the solutions of 127 were combined 
(20 mL) and immediately used in the next step; see General procedure 4.1 (p 109): 1,4-CHD 
(0.5 mL), 200 °C, 16 h. Column chromatography on silica gel using C H iC k and CHiCW  
MeOH (98/2 to 96/4) afforded the pure product (23 mg, 82%) as a green solid. IR (neat, cm-1) 
imax 2954, 2929, 2885, 2854, 2149 (C=C), 1606, 1486, 1470, 1430, 1396, 1299, 1250, 1096, 
1024, 1008, 874, 839, 809, 775, 678. UV-vis (THF (c = 1.82 x 10-6 M), nm) Imax (log e) 738 
(5.03), 710 (5.15), 676 (4.62), 642 (4.45), 371 (4.99), 308 (4.79), 278 (sh, 4.90), 258 (5.03). 
MALDI-ToF MS (dithranol) m /z calcd for Cs^^oB^N sSigZn 1610.43, found 1610.28. 
Significant broadening of the NMR signals did not allow interpretation of the NMR spectra.
2,3-Bis(bromoethynyl)-9,10,16,17,23,24-hexakis(ieri-butyldimethylsilylethynyl)-
phthalocyanatozinc(n) (127). MALDI-ToF MS
(dithranol) m /z calcd for CsiHggBriNsSisZn 1608.42, 
found 1608.23.
Chapter 4
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Do not follow where the path may lead. Go, instead, where there is no 
path and leave a trail.
Author unknown
(found on a brown-sugar packet in a bar in Johannesburg)
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Triazole-Benzene Den ¿rimers : A Novel Approach 
to Graphene-Like Functional Materials
A
clicking 
-------->
Chapter 5
In this chapter, synthetic approaches towards a 2D heteroaromatic 
structure, based on alternating triazole-1,4-diyl and benzene-1,3,5-triyl 
units, were studied. This structure is comprised of two synthons, 1,3,5- 
triazidobenzene and 1,3,5-triethynylbenzene, and was named in our 
group as “click graphene”. Similarly to graphene, click graphene is 
atomically flat but, beyond this, it possesses 2D functional cavities and 
has six triazole groups pointing towards the inside of these cavities 
with either the former azide or the former acetylene subunit. Whereas
1,3,5-triethynylbenzene is commercially available, 1,3,5-triazido- 
benzene is not known and various synthetic routes have been explored 
for its preparation. Upon the successful synthesis of 1,3,5-triazido- 
benzene, a pioneering study to construct a third-generation cut-out of 
click graphene was carried out. Initial studies showed that protecting- 
group chemistry had to be applied, otherwise multiple, non-selective 
copper-catalysed azide-alkyne cycloaddition reactions between the 
trisubstituted precursors and/or the reaction intermediates occurred. 
Using a one-protecting-group approach, the first-generation dendri- 
mer was successfully obtained; the second-generation dendrimer, 
however, could not be constructed after repeated efforts. A two- 
protecting-group approach was then developed to give well-defined 
cut-outs of click graphene and will be described.
5.1 Introduction
In Chapters 2 -4 , the phthalocyanine moiety was used as the elementary building block 
in the design and synthesis of various carbon-rich hetero-structures;[117-131-157] in Chapters 5 
and 6 , a different elementary building block has been employed, namely, benzene. In 
particular, the copper-catalysed azide-alkyne cycloaddition (CuAAC) reaction was used to 
construct 1D and 2D hetero-structures, comprising alternating triazole-1,4-diyl/benzene-1,4- 
diyl and triazole-1,4-diyl/benzene-1,3,5-triyl units, respectively; the latter being the subject of 
this chapter.
W hen alternating triazole-1,4-diyl and benzene-1,3,5-triyl units are combined in a 2D 
space, the novel dendritic hetero-structure 130, known within our group as “click graphene”, 
is obtained (Figure 5.1).
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Figure 5.1 Dendritic structure of 130 (click graphene) comprising alternating
triazole-1,4-diyl and benzene-1,3,5-triyl units (in bold) and possessing 
functional cavities (a = 7.9 A).
Click graphene is a challenging molecule to synthesise and a unique structure to study 
because: (a) similarly to graphene,t9] it is atomically flat; (b) it possesses functional cavities* 
that can serve as hosts for guest molecules; (c) it has the potential to be conjugated (e.g., upon 
doping). As a host, each cavity can interact with a guest molecule in three different ways: it 
can either serve as a multidentate ligand and hydrogen-bond acceptor (with six nitrogen 
atoms inside the cavity), or as a hydrogen-bond donor (with three H(triazole) atoms inside 
the cavity). Additionally, owing to the n-conjugated flat character of single-layered click 
graphene, it is expected to self-assemble by means of n -n  interactions into a 3D graphite-like 
structure, which would possess functional nanochannels, with potential applications in 
chemistry, biology and materials science. Self-assembled hollow tubular structures that 
perform diverse biological functions, including scaffolding, packaging, chemical transport 
and screening activities, are known from nature, and considerable efforts have recently been 
devoted to the preparation of artificial nanotubular structures.!168!
5.2 Results and discussion
Prior to undertaking the synthesis of click graphene, molecular modelling was carried out 
using SPARTAN, according to which, the subunits of click graphene and click graphene 
itself are flat. The representative examples of the modelled C3 symmetric cut-outs of click
* Compared, with the functional cavity present in macrocyclic triazolophane 37 (p 19), the functional cavities 
in click graphene (130) are larger by an additional two benzene and two triazole rings. All four triazole rings in 37 
point towards the inside of the cavity with the former acetylene subunit; in 130, three out of six triazole rings point 
towards the inside of the cavity with the former acetylene subunit and the remaining three triazole rings point 
towards the inside of the cavity with the former azide subunit.
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graphene, 131-134, are depicted in Figure 5.2 and the approximate values of their horizontal 
sizes are given.
Figure 5.2 Space-filling SPARTAN models (top and side views) of the cut-outs of click 
graphene, 131-134, and their approximate horizontal sizes; in all 
structures, tris(acetylene) 135 (see Scheme 5.1) is the central core subunit.
The inner diameter of the cavity (0 ) was estimated to be approximately 9 A, from the 
triangle model depicted in Figure 5.1, in which the diameter of the cavity is equal to 
the diameter of a circle defined by the vertices (nitrogen atom centres) of the triangle
( 0  = 2/3 [a2 -  (a/2)2]1/2).
W hen a retrosynthetic analysis of 130 is carried out, two synthons 135 and 136 are 
obtained (Scheme 5.1); both synthons contain the benzene-1,3,5-triyl unit and three ethynyl 
(135) or azido (136) substituents. Whereas compound 135 is commercially available in gram 
quantities or is easily accessible starting from 1,3,5-tribromobenzene (137) by using the 
Sonogashira cross-coupling reaction, compound 136 is not known and new methodology for 
its preparation had to be developed.
Scheme 5.1 Retrosynthetic analysis of 130.
The pioneering studies to synthesise 136 and construct cut-outs of 130, starting from
135 and 136 by using the CuAAC reaction, are discussed in the following sections.
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Two starting compounds were investigated as the potential precursors of tris(azide) 136,
1,3,5-tribromobenzene (137) and benzene-1,3,5-triamine (138); the studied synthetic 
approaches for the preparation of 136 are summarised in Table 5.1. These approaches 
employed methods previously described in the literature for the preparation of aromatic 
azides starting from aryl aminest169] or halides.[170] Whereas 137 is commercially available, 
138t171] was prepared in one step starting from commercially available 3,5-dinitroaniline 
(139) by the palladium-catalysed reduction of the nitro groups (Scheme 5.2).
Table 5.1 Studied methods for the preparation of tris(azide) 136.
5.2.1 Synthesis o f  1,3,5-triazidobenzene
Entry Synthetic approach[a Method ref.[b] Steps[c] Yield (%) [d]
[169a]
2[e] [169b] 25
3[e] [169b] 25
[170a] 0[f]
[170b] 26
1 3 0
3
3
4 1
5 2
[a] For more details, see the Experimental section in this chapter. [b] Methods previously described for the 
preparation of analogous compounds. [c] The number of steps, including the preparation of reagents, starting 
from commercially available compounds. [d] Isolated yield. [e] Both reactions, carried out using either 141a
(X = Br) or 141b (X = PF6), gave identical results. [f] Several attempts to reproduce the described efficiency
(66-93% for a series of aryl monobromides) failed. Using this method, the desired product 136 was obtained 
only once in 3% yield; this result, however, was not reproducible.
i i7
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Scheme 5.2 Synthesis of triamine 138.
Triamine 138 is extremely sensitive to pH  and rapidly decomposes when in contact with 
acids. Thus, standard diazotation procedures, which efficiently transform aromatic amino 
groups into the azido groups, were not a proper choice in this case. Instead, methods employ­
ing diazo-transfer reagents (DTRs), under basic conditions, were explored (entries 1-3). In 
the first case, when triamine 138 was treated with D TR  140l169a] in the presence of K2C O 3, 
the desired product was not detected in the reaction mixture (entry 1).
Klump et al. reported an analogous protocol in which an aromatic amine first underwent 
deprotonation upon treatment with »-butyllithium and subsequently the corresponding 
lithium salt was reacted with D TR  141a to provide an azidei169b] These reaction conditions 
allowed for the preparation of a series of aromatic mono- and bis(azides), including sensitive 
ones. W hen reproducing the synthesis of 141a starting from Et2N H  and PCl3, modifications 
to the original procedure, however, had to be made to increase safety and simplify the 
isolation of the pure products (Scheme 5.3).
Scheme 5.3 Synthesis of diazo-transfer reagents 141.
The original procedure!172! included the slow addition of P O 3 to Et2N H  at 0-25 °C over 
a period of three days to give 143. This reaction is highly exothermic and, following the 
described protocol, the temperature of the reaction mixture immediately reached the boiling 
point of Et2N H  upon the addition of P O 3. Therefore in our method, the addition of P Q 3 to 
a solution of Et2N H  in Et2O was carried out at lower temperatures (-7 8  °C). Compound 
143 can be purchased from several suppliers; an additional purification was required since the 
purity of the commercial sample was not satisfactory (>92% by 1H  N M R  spectroscopy). The 
purity of 143, obtained using our modified protocol, was >97%.
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The efficiency of the second step of the original procedure,!172! the synthesis of D TR  
141a, was quantitative; the pure product, however, could only be isolated in a significantly 
decreased yield (60%). This is because 141a is very hygroscopic and even traces of water 
disabled its crystallisation from the crude reaction solution, as originally reported. It was 
discovered that the addition of NaPF6 initiated immediate crystallisation of D TR  141b 
(counter anion Br-  being replaced for PF6- ), which was then obtained in >99% yield 
(Scheme 5.3).
W hen DTRs 141a and 141b were employed in the synthesis of tris(azide) 136 (Table
5.1, entries 2 and 3), the desired product was formed and successfully isolated. Two variations 
of this methodology were explored. The additions of »-butyllithium and D TR  were carried 
out in either one (entry 2) or three (entry 3) portions; in both cases, 136 was obtained in 25% 
yield. Similarly, the choice of D TR  did not effect the reaction efficiency and the use of either 
141a or 141b gave identical results.
For the preparation of 136 starting from 137 (Table 5.1, entries 4 and 5), two methods 
were investigated. The first studied method (entry 4), the proline-promoted copper-catalysed 
coupling reaction of 137 and NaN3, repeatedly led to the partial formation of the mono- and 
disubstituted products and recovery of the starting material (by 1H  N M R  spectroscopy of the 
crude mixture), but did not afford the desired product. In contrast, the second studied 
method (entry 5), brom ine-lithium  exchange followed by treatment with azido-transfer 
reagent (ATR) 142, led to the formation of 136, which was obtained in 26% yield.
Overall, out of the four studied synthetic approaches towards 136, two afforded the 
desired product in satisfactory quantities. W hen comparing the overall efficiencies over the 
number of steps (including the preparation of reagents starting from the commercially 
available compounds), the last method (entry 5; 24% over two steps) was found to be more 
efficient compared with the second method (entries 2 and 3; 18% over three steps).
Tris(azide) 136 is a potentially explosive molecule and yet it has not been characterised 
and tested for its explosive properties. Therefore, it was always handled with care, never 
exposed to direct or indirect heat or fire, and the handling quantities never exceeded one 
gram. The molecule was characterised by 1H, 13C N M R  and IR spectroscopic techniques; 
elemental and MS analyses, however, did not provide satisfactory data although the isolated 
material was seen to be pure by N M R  spectroscopy. To further confirm the structure, 136 was 
reacted with oct-1-yne using the standard CuAAC conditions to provide 144, simply upon 
precipitation of the crude mixture in pentane, in 80% yield (Scheme 5.4).
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Scheme 5.4 Test reaction of tris(azide) 136.
5.2.2 Design o f  the synthetic strategy
Having the click graphene synthons 135 and 136 in hand, the synthetic strategy towards 
the synthesis of size- and shape-persistent cut-outs of 130 was designed (Figure 5.3). Azido- 
derived synthon 136 was chosen as the core molecule for the synthesis of the target third- 
generation dendrimer 145. Dendrimer 145 possesses three acetylene groups on the periphery, 
which can, when necessary, be protected with bulky- or long-alkane-derived silyl groups to 
ensure its solubility.
Figure 5.3 Design of the synthetic strategy to the third-generation dendrimer 145.
Third-generation dendrimer 145 is the smallest subunit of 130 that contains functional 
cavities and, thus, represents a unique model compound for the initial studies. In theory, 
dendrimer 145 can be synthesised in three steps starting from 136, via the first- and second- 
generation dendritic intermediates 146 and 147, respectively.
Initial synthetic efforts revealed that a protecting-group approach had to be employed to 
solve selectivity and solubility issues. Although the reaction of one equivalent of 136 with six 
equivalents of 135 (CuAAC) led to the formation of the desired product 146, it was 
accompanied by multiple non-selective side reactions, leading to oligo- and polymeric side
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products. Consequently, the target 146 could only be obtained in relatively low yield (30%;
Scheme 5.5).
Scheme 5.5 Direct synthesis of thefirst-generation dendrimer 146.
Despite the small size, compound 146 is not soluble in most of the common organic 
solvents except for THF, in which it exhibited very good solubility.
5.2.3 O ne-protecting-group approach: First-generation dendrim er
To increase the selectivity of the first step leading to 146, two out of the three acetylene 
groups in 135 were equipped with silyl protecting groups. The long-alkane-derived dimethyl- 
(octadecyl)silyl protecting group was chosen for four reasons: (a) it can be removed under 
mild conditions (room temperature) using either K2C O 3 or TBAF; (b) the long alkyl chain 
enables the solubilisation of otherwise insoluble materials; (c) each octadecyl chain increases 
the molecular weight by 253 mass units, a difference that should allow the separation of the 
target molecules from side products with size-exclusion chromatography (SEC); (d) chloro- 
dimethyl(octadecyl)silane (DMODSCl) is commercially available in large quantities.
The synthesis of 148, the bisprotected analogue of 135, was carried out starting from 135 
by using »-butyllithium and DMODSCl. W hen two equivalents each of »-butyllithium and 
D M O D SCl were employed, a statistical mixture of the mono- (149), bis- (148) and 
trisprotected (150) tris(acetylene) products was obtained (Table 5.2, entry 1). All three 
products could be separated by column chromatography and isolated in high purities; the 
bisprotected product 148 was obtained in 36% yield, and the mono- and trisprotected 
products were obtained in 14% and 36% yield, respectively.
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Table 5.2 Variations of the reaction conditions in the preparation of 148.
Entry
»-BuLi
(eq)
DMODSCl
Ratio (%)[a] Yield (%)M
(eq) 148 149 150 148 149 150
1 2 2 «50 «25 «25 36 14 36
2 1 + 1H 1 + 1H «50 «25 «25 _[d] - [d] - [d]
3 3 2 «50 «25 «25 -[d] -[d] - [d]
[a] The approximate values of the product distributions in the crude reaction mixture, as determined by 
TLC analysis. [b] Isolated yield. [c] »-BuLi and DMODSCl were added sequentially in two portions; one 
equivalent of »-BuLi and one equivalent of DMODSCl in each portion. [d] The reactions were carried out 
on a small scale; the products were not isolated.
To increase the yield of the bisprotected product, two variations of these reaction 
conditions were tested. In the first (entry 2), »-butyllithium and D M O D SCl were added 
sequentially in two portions (see note c in Table 5.2); in the second variation (entry 3), three 
equivalents of »-butyllithium were added in one portion instead of two, followed by the 
addition of two equivalents o f DM ODSCl. In both cases, the selectivity was similar to that in 
the original protocol, as determined by TLC analysis of the crude reaction mixture.
The monoprotected side product 149 represents a suitable building block in the last step 
of the synthesis of the third-generation dendrimer 145 (Figure 5.3); in this way, the 
trisprotected soluble analogue of 145 can be obtained. Such a molecule has the advantage 
that its well-defined core can be further extended or postmodified using the in situ 
deprotection-CuAAC reaction. The trisprotected side product 150 can be viewed as a 
simplified model of trisprotected 145; thus, the in situ deprotection-CuAAC reaction was 
tested using 150 and azidobenzene (151) under the standard CuAAC reaction conditions 
(Cul, PMDTA) in the presence of K2C O 3. This reaction, after the standard work-up and 
precipitation of the crude mixture from C H 2O 2 with hexane, afforded the desired product 
152 in >99% yield (Scheme 5.6).
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Scheme 5.6. In situ deprotection-CuAACreaction of 150.
Using the one-protecting-group approach, the first-generation dendrimer 146 was 
prepared in two steps starting from 136 and 148 via intermediate 153, a protected analogue 
of 146. The reaction of one equivalent of 136 w ith three equivalents of 146 (CuAAC) 
afforded the desired product 153 in 60% yield (Scheme 5.7). The non-quantitative 
conversion was probably a result of the decreased reactivity of the long-alkane-containing 
molecules, as observed previously (p 69).
FIRST G EN ER A T IO N : \  /
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Scheme 5.7 Synthesis of thefirst-generation dendrimer 146, via its protected analogue 
153, by using the one-protecting-group approach.
The removal of the silyl protecting groups in 153 by K2C O 3 afforded target 146 in 99% 
yield; the overall yield from the two steps starting from 136 is 60%.
5.2.4 One-protecting-group approach: Second-generation dendrimer
After the preparation of the first-generation dendrimer 146 was successfully developed, a 
pioneering approach to the second-generation dendrimer 147 (see Figure 5.3) was explored. 
For this purpose, 1,3-diazidobenzene or a similar building block comprising this moiety and, 
preferably, also a solubilising tail had to first be synthesised. Having precursors 136 and 148
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in hand, molecule 154 was designed and two synthetic methods for its preparation were 
tested (Scheme 5.8).
Scheme 5.8 Two synthetic methods for the preparation of 154.
In the first method (top), in which 136 and 148 were reacted together in a 1/1 ratio 
(CuAAC), a mixture of mono-, bis- and trisclicked products was obtained. Although all three 
products could be separated by SEC, the desired monoclicked product 154 prepared this way 
could only be isolated in 25% yield. W hen the slow dropwise addition of 148 into an excess 
(five equivalents) of 136 was employed (bottom), the formation of numerous undesirable side 
products was suppressed and the desired molecule 154 was obtained in 60% yield.
For the synthesis of the second-generation dendrimer 155, an alkyl-chain-derived 
analogue of 147, a similar strategy was employed; to increase the efficiency of the reaction, 
the first-generation dendrimer 146 was slowly added into an excess (12  equivalents) of bis- 
(azide) 154 (Scheme 5.9). Under these conditions, the reaction of 146 with 154 resulted in 
the formation of a mixture containing the starting bis(azide) 154 and other products that 
were separated by SEC; the collected SEC fractions were then analysed by :H  N M R 
spectroscopy. Typically, the first fractions obtained from SEC contained a mixture of oligo-/ 
polymeric products that could not be identified due to a significant broadening of the 
:H  N M R  signals in the aromatic region. The SEC fractions that were collected subsequently 
contained a mixture of an unknown material with well-defined, sharp signals in the :H  N M R 
spectrum (Figure 5.4) and the starting bis(azide) 154; both compounds could be isolated, 
after several SEC processes, in satisfactory purities.
In addition to :H  N M R  spectroscopy, 13C N M R  and IR spectroscopies, as well as MS, 
were used to further characterise the unknown material. Unfortunately, the insufficient 
amount (typically around 20 mg) of the isolated material did not allow a reliable 
interpretation of the 13C N M R  spectrum and the molecular peak could not be detected by 
any of the available MS techniques (EI, ESI, GC, MALDI-ToF). In the IR spectrum, stretches 
at 2158 and 2111 cm-1 were observed; this indicates the presence of the C " C  and/or N 3 
groups. Moreover, a significant broadening of the signals in the 1H  N M R  spectrum, recorded 
several months (6 - 8) after the material was isolated, was observed.
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Scheme 5.9 Attempt to synthesise the second-generation dendrimer 155.
The peak pattern in the aromatic region of the 1H  N M R  spectrum of the unknown 
material does not correspond with the structure of the desired molecule 155/ since the 
number of signals, their multiplicities and integral values are indicative of the presence of four 
chemically non-equivalent 1,3,5-trisubstituted benzene (A -D ) and two chemically non­
equivalent triazole (T 1 and T 2) rings in a 1/ 1/ 1/ 1/ 1 /1  ratio; this was further supported by 
2D N M R  spectroscopic techniques, namely, COSY and NOESY (Figure 5.5).
f Compound 155 could not be detected in either the crude reaction mixture or in any of the fractions 
obtained from SEC.
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Figure 5.4 Inset of the aromatic region of the 1H N M R  spectrum (x-axis values are in 
ppm) ofthe unknown material in CDCl3 (S) isolatedfrom the reaction of 
146 with 154 by SE C. Multiplicities ofthe 1H  NMR signals are as 
following: Ti (s), T2 (s), A 1 (dd), A 2 (dd), C1 (d), B1 (dd), C2 (t), B2 (dd), 
A 3 (dd), D 1 (d), S (s; solvent), B3 (dd), D2 (t).
Additionally, the 1,3,5-trisubstituted benzene rings A and B possess three chemically 
non-equivalent hydrogen atoms in the 2-, 4- and 6-positions (1/1/1), whereas the 1,3,5- 
trisubstituted benzene rings C  and D  only possess two chemically non-equivalent hydrogen 
atoms in these positions (2 / 1).
Since the structure of 155 was not in agreement with the structural features obtained 
from *H N M R  spectroscopy, an alternative structure (156) was proposed (Figure 5.6). 
Compound 156 is one of the possible side products, which could be formed when one 
equivalent of the first-generation dendrimer 146 would react with three equivalents of 154. 
In this manner, an intermediate containing three acetylene and three azido functionalities 
would be formed, which after the threefold intramolecular CuAAC reaction would afford 
the desired 156. In the ChemDraw drawing of 156 (Figure 5.6), six exceptionally long bonds 
are present in the structure, which means that this structure cannot adopt the desired planar 
conformation. Based on our preliminary molecular modelling (MM), however, this structure 
can adopt a half-ball-shaped conformation. :H  N M R  analysis showed that the structure of 
156, similarly to 155, was not in agreement with the peak pattern depicted in Figure 5.4; in 
the case of 156, four chemically non-equivalent 1,3,5-trisubstituted benzene and three 
chemically non-equivalent triazole rings are present in a 1 /3 /3 /3 /3 /6 /3  ratio instead of the 
expected four benzene and two triazole rings in a 1/ 1/ 1/ 1/ 1/1  ratio.
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Figure 5.5 COSY and NOESY 2D NM R spectra (x- and y-axis values are in ppm) of 
the unknown material in CDG3 isolatedfrom the reaction of 146 with 154 
by SEC; the NOESY spectrum shows that the triazole ring T1 is connected 
to the benzene rings A  and D and the triazole ring T2 is connected to the 
benzene rings B and C.
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Figure 5.6 Structure and space-filling ChemBio3D Ultra model (top and side views;
side chains are omitted for clarity) of the half-ball-shaped second-generation 
dendrimer 156 (thefirst-generation-subunit is highlighted in bold).
After all possible side products of the reaction of 146 with 154 were analysed, it became 
clear that the central first-generation dendrimer 146 is not a subunit of the final structure, 
otherwise, the 1/ 1/ 1/ 1/ 1/1  ratio would not be obtained. Thus, possible side products based 
on the starting material 154, which was in excess, were investigated. Finally, a complex mole­
cule 157, in which two molecules of the starting bis(azide) 154 are coordinated to Cul, was 
tentatively proposed; the structure of this complex, with molecular formula (154)2CuI, is in 
agreement with the measured :H  N M R  spectrum and is depicted in Figure 5.7. Similar stable 
alkyne-copper(l) complexes are known from the literature/173! Moreover, the proposed 
structure of 157 is in agreement with the observed broadening of the 1H  N M R  signals, which 
could be the result of the copper(l)/copper(ll) oxidation of 157.
A possible explanation why the one-protecting-group approach did not afford the 
desired product 155 is the high functionality of both starting materials; six acetylene groups 
are present in 146 and two azido groups are present in 154. Because of this, the non-selective 
multi-CuAAC reaction between the precursors and/or the reaction intermediates, leading to 
oligo-/polymeric side products, could occur. To solve this issue, a two-protecting-group 
approach has been initiated in our group and is briefly described below.
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Figure 5.7 Structure of 157, a copper(l) complex with the molecular formula 
(154)2CuI.
5.2.5 Two-protecting-group approach
Compared with one-protecting-group approach, tris(acetylene) 158, bearing two differ­
ent protecting groups (triisopropylsilyl and prop-2 -ol-2 -yl) that can be selectively removed, 
was employed in the first step of the two-protecting-group approach (Scheme 5.10). In this 
fashion, the first-generation dendrimer 159 bearing two protecting groups instead of one, 
compared with 153, was obtained. Subsequently, the selective removal of one of the 
protecting groups leads to the first-generation dendrimer, possessing three protected and 
three unprotected acetylene moieties; in the case presented in Scheme 5.10, the removal of 
the prop-2-ol-2-yl groups afforded compound 160.
The second modification, when comparing the one- and two-protecting-group 
approaches, is the introduction of the extended bis(azide) “arm” (161), which, when reacted 
with 160 (with 161 in excess), is expected to give, in one step, the “open-cavity” third- 
generation dendrimer 162. Subsequently, compound 162 will be treated with TBAF in the 
presence of a copper(I) species to provide the desired third-generation dendrimer (for the 
structure, see 145 (R = H) in Figure 5.3) using the in situ deprotection-intramolecular- 
CuAAC approach.
As mentioned previously, the two-protecting-group approach has been initiated in our 
group and, to date, the first-generation dendrimer 160 as well as a series of bis(azide) arms 
161 have been synthesised. The introduction of suitable solubilising groups (R), however, 
seems to be crucial for determination of the structure of larger molecules, such as 161 and 
162. These results will be discussed in detail and fully presented in the upcoming thesis by 
Jan Lauko.
129
Chapter 5
Scheme 5.10 Two-protecting-group approach currently under investigation.
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5.3 Conclusion
In summary, a pioneering study towards the synthesis of well-defined cut-outs of click 
grapehene, a structure based on alternating triazole-1,4-diyl and benzene-1,3,5-triyl units, was 
carried out. These structures are comprised of two synthons, 1,3,5-triethynylbenzene (135) 
and 1,3,5-triazidobenzene (136), out of which only tris(acetylene) 135 has previously been 
described. Various synthetic routes, starting from either triamine 138 or tribromide 137, were 
explored for the preparation of tris(azide) 136 and the most efficient method afforded 136 in 
one step starting from 137 in 26% yield. Initial studies showed that the protecting-group 
approach had to be applied, otherwise non-selective multi-CuAAC reactions between the 
trisubstituted precursors and the reaction intermediates occurred. Using the one-protecting- 
group approach, the first-generation dendrimer was successfully synthesised; the next step, 
however, did not afford the desired second-generation dendrimer after repeated efforts.
Research employing the two-protecting-group approach towards this goal has been initiated 
and the crucial steps were briefly overviewed; this research is ongoing in our group.
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5.5 Experim ental section
General. For general information, see Experimental section 2.5 (p 47). Azidobenzene 
(151),[174] 1H-imidazole-1-sulfonyl azide hydrochloride (140)t169a] and 4-methylbenzenesulfonyl 
azide (142)[175] are known from the literature and were prepared following the described 
procedures.
5.5.1 Synthesis o f  the tris(acetylene) and tris(azide) precursors
^ ^ ^ '^ '^ " ^ " - H e x a e th y lp h o s p h m e t r i a m m e  (157). This compound is also 
commercially available (Aldrich, Merck), but the purity is not very high (>92%;
 ^ j  estimated by 'H  NMR spectroscopy). PRECAUTION: This reaction is highly
£ exothermic and the original procedure!172] was therefore modified! PCI3 (10 mL,
0.11 mol) was added dropwise to a cooled solution (-78  °C) of EtiNH (75 mL,
0.72 mol) in Et2O (250 mL). The reaction mixture was then warmed to room 
temperature and stirred for an additional 20 h. The formed white precipitate was 
filtered off and the organic layer was washed five times with aq. NaOH (150 mL, 2M), three times 
with aq. N H 4O  (100 mL, 1M) and dried over Na2SO4. After filtration, evaporation of the solvent 
afforded the pure (>97%) product (23 g, 80%) as a colourless oil. 1H NMR (300 MHz, CDCL, 
ppm) 8 2.87 (dq, Jph = 8.7 Hz, Jhh  = 7.2 Hz, 12H, C H 2), 0.98 (t, Jh h  = 7.2 Hz, 18H, C H 3).
13C NMR (75 MHz, CDCL, ppm) 8 39.0 (d, Jpc = 17.7 Hz, CH2), 13.8 (d, Jpc = 2.5 Hz, CH3).
The NMR spectroscopic data are in agreement with those obtained for the commercial sample.
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(Tris(diethylamino)phosphoranylidene)triaz-1-yn-2-ium bromide (141a). PRECAU­
TION: This product is hygroscopic and does not crystallise in the presence of 
water! According to the previously described method:[172] 157 (13.0 mL,
46.8 mmol) was added dropwise to a cooled stirred solution (0 °C) of Br2 
(2.42 mL, 46.8 mmol) in THF (60 mL). The resulting mixture was stirred at 
0 °C for an additional 1 h before NaN3 (3.34 g, 56.0 mmol) and a catalytic 
amount of 18-crown-6 were added. The reaction mixture was then stirred at 
room temperature for 2 d under an argon atmosphere. Crystallisation from THF, by cooling the 
crude reaction solution down to -7 8  °C, afforded the pure product (10 g, 60%) as a white 
crystalline solid. 1H NMR (300 MHz, CDCl3, ppm) 8 3.28 (dq, Jph = 12.5 Hz, Jhh  = 7.2 Hz, 
12H, CHz), 1.27 (t, Jh h  = 7.2 Hz, 18H, CH 3). 13C NMR (75 MHz, C D O 3, ppm) 8 40.9 (d, Jpc 
= 4.4 Hz, CH2), 13.8 (d, Jpc = 2.6 Hz, CH3). IR (neat, cm-1) i max 2971, 2930, 2160 (N3), 1627,
1463, 1377, 1290, 1208, 1161, 1030, 793, 715. The NMR and IR spectroscopic data are in 
agreement with those previously described^172
(Tris(diethylamino)phosphoranylidene)triaz-1-yn-2-ium hexafluorophosphate(V) 
(141b). PRECAUTION: This product is hygroscopic! According to the 
previously described method:[172] 157 (13.0 mL, 46.8 mmol) was added 
dropwise to a cooled stirred solution (0 °C) of Br2 (2.42 mL, 46.8 mmol) in 
THF (60 mL). The resulting mixture was stirred at 0 °C for an additional 1 h 
before NaN3 (3.34 g, 56.0 mmol) and a catalytic amount of 18-crown-6 were 
added. The reaction mixture was then stirred at room temperature for 2 d under 
an argon atmosphere before a solution of NaPF6 (9.41 g, 56.0 mmol) in TH F (30 mL) was added 
dropwise. After filtration, the pure product (20 g, >99%) was obtained as a white crystalline solid. 
1H NMR (400 MHz, C D O 3, ppm) 8 3.16 (dq, Jph = 12.5 Hz, Jhh  = 7.2 Hz, 12H, CH 2), 1.20 (t, 
Jhh  = 7.3 Hz, 18H, CH 3). 13C NMR (75 MHz, C D O 3, ppm) 8 40.2 (d, Jpc = 4.1 Hz, CH2), 13.2 
(d, Jpc = 2.3 Hz, CH3). IR (neat, cm-1) imax 2983, 2923, 2852, 2161 (N3), 1597, 1467, 1386, 
1285, 1211, 1154, 1026, 912, 838, 797, 731, 557. HRMS (ESI) m /z  calcd for C 12H 30N 6P+- 
289.22696, found 289.22544 (|A| = 5.26 ppm).
Benzene-1,3,5-triamine (138). PRECAUTION: This product is sensitive to acids! Prior to 
this reaction, ethyl acetate was washed with aq. NaOH (2M) and distilled over 
Na2CO 3 and all glassware was successively washed with aq. NaOH (2M), distilled 
water and isopropanol. Pd/C (0.34 g, 10% (w/w)) and pyridine (few drops) were 
added to a solution of 3,5-dinitroaniline (3.5 g, 19 mmol) in ethyl acetate 
(100 mL) and the resulting mixture was stirred at room temperature under a 
hydrogen atmosphere (3 atm) for 3 h (hydrogen was being consumed for approximately 1 h). 
After decantation, the solution was cooled down to -2 0  °C and the pure product (1.8 g, 72%) was 
collected by filtration as a light brown crystalline solid. The product was stored in the freezer. 
1H NMR (300 MHz, DMSO-ds, ppm) 8 5.14 (s, 3H, C aH ), 4.32 (s, 6H, N H 2). 13C NMR 
(75 MHz, DMSO-ds, ppm) 8 149.3, 90.8 (CH). IR (neat, cm-1) imax 3500-3000 (b, N H 2), 1593, 
1493, 1182, 819, 683. The NMR spectroscopic data are in agreement with those previously 
describedJ171]
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1,3,5-Triazidobenzene (136). PRECAUTION: This product might be explosive!
Method A. According to the previously described methodt169a] (since 138 
decomposes in the presence of acids, the original protocol was modified): a mixture of 
138 (5.5 g, 13 mmol) and K2C O 3 (2.0 g, 14 mmol) in TH F (50 mL) was stirred at 
room temperature for 1.5 h before it was added to a suspension of 140 (0.50 g,
4.1 mmol), K2C O 3 (1.6 g, 12 mmol) and CuSO4 ' 5H 2O (10 mg, 4.0 ^mol) in MeOH (50 mL). 
The resulting mixture was stirred at room temperature for 2 d; after this period, the desired 
product could not be detected in the crude reaction mixture (TLC).
Method B. According to the previously described method:t169b] «-BuLi (5.1 mL, 8.1 mmol, 
1.6M in hexanes) was added dropwise to a cooled solution (-78  °C) of 138 (0.30 g,
2.4 mmol) in TH F (10 mL) and the resulting mixture was stirred at -7 8  °C for an additional 
10 min. After the dropwise addition of a solution of 141a (3.6 g, 9.8 mmol) or 141b (4.3 g,
9.8 mmol) in THF (20 mL), the resulting mixture was stirred at -7 8  °C for 1.5 h before it 
was warmed to room temperature and the reaction was quenched with aq. N H 4Q  (100 mL, 
0.25M). The aqueous layer was extracted three times with C H 2O 2 and the combined organic 
layers were dried over Na2SO4. After filtration, the solvent was evaporated and the crude 
product was purified by column chromatography.
Method C. According to the previously described method:t169b] «-BuLi (4.8 mL, 7.6 mmol, 
1.6M in hexanes) was added dropwise to a cooled solution (-78  °C) of 138 (0.94 g,
7.6 mmol) in THF (60 mL) and the resulting mixture was stirred at -7 8  °C for an additional 
10 min. After the dropwise addition of a solution of 141a (2.8 g, 7.6 mmol) in THF 
(17 mL), the reaction mixture was stirred at -7 8  °C for 1 h. Two more additions of «-BuLi 
(4.8 mL, 7.6 mmol; 7.0 mL, 11 mmol) and 141a (2.8 g, 7.6 mmol; 4.2 g, 11 mmol) in THF 
(17 mL; 26 mL) were carried out. On completion of the additions, the solution was stirred at 
-7 8  °C for 1 h before being warmed to room temperature and quenched with aq. N H 4Cl 
(100 mL, 0.25M). The aqueous layer was extracted three times with C H 2O 2 and the 
combined organic layers were dried over Na2SO4. After filtration, the solvent was evaporated 
and the crude product was purified by column chromatography.
Method D. According to the previously described method:[170b] a solution of 137 (1.5 g,
4.8 mmol) in THF (12 mL) was added dropwise to a cooled solution (-78  °C) of «-BuLi 
(27 mL, 44 mmol, 1.6M in hexanes) in THF (50 mL) and the resulting mixture was stirred at 
-7 8  °C for an additional 15 min. After the dropwise addition of a solution of 142 (8.6 g, 
44 mmol) in TH F (9 mL), the mixture was warmed to room temperature and stirred 
overnight before the reaction was quenched with aq. N H 4Cl (44 mL, 1M). The aqueous layer 
was extracted three times with Et2O and the combined organic layers were dried over 
Na2SO4. After filtration, the solvent was evaporated and the crude product was purified by 
column chromatography.
Flash column chromatography on silica gel using pentane afforded the pure product (0.12 g, 
25% (method B); 0.35 g, 25% (method C); 0.25 g, 26% (method D)) as a light brown 
crystalline solid. 1H NMR (300 MHz, C D Q 3, ppm) 8 6.45 (s, 3H, C aH ). 13C NMR 
(75 MHz, CDCl3, ppm) 8 143.2, 106.1 (CH). IR (neat, cm-1) imax 2145 (N3), 2119 (N3), 
2097 (N3), 1590, 1463, 1267, 943, 832, 690, 667. The molecular peak could not be detected
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by any of the available MS techniques (EI, ESI, GC, MALDI-ToF) and elemental analysis 
could not be obtained for this compound.
((5-Ethynyl-1,3-phenylene)bis(ethyne-2,1-diyl))bis(dimethyl(octadecyl)silane) (148).
«-BuLi (4.2 mL, 6.7 mmol, 1.6M in hexanes) was added dropwise to a cooled 
solution (-78  °C) of 135 (0.50 g, 3.3 mmol) in THF (30 mL) and the 
resulting mixture was stirred at -7 8  °C for an additional 25 min. After the 
dropwise addition of a solution of chlorodimethyl(octadecyl)silane (2.4 g, 
7.0 mmol) in THF (40 mL), the reaction mixture was warmed to room 
temperature overnight before the reaction was quenched with aq. N H 4Cl 
(1M). The aqueous layer was extracted three times with C H 2Cl2 and the 
combined organic layers were dried over Na2SO4. After filtration, the solvent was evaporated and 
the crude disubstituted product (also containing the mono- and trisubstituted products 149 and 
150, respectively) was purified by column chromatography on silica gel using hexane to afford the 
pure product (0.90 g, 36%) as a colourless oil. Typically, six to eight chromatographic purifications 
were required to separate the desired product from the two side products. 1H NMR (300 MHz, 
CDCl3, ppm) 8 7.52 (t, J  = 1.5 Hz, 1H, C aH ), 7.49 (d, J  = 1.6 Hz, 2H, C aH ), 3.07 (s, 1H, 
CCH), 1.48-1.18 (m, 64H, CHz), 0.92-0.82 (m, 6H, C H 2CH 3), 0.71-0.62 (m, 4H, SiCHz), 
0.20 (s, 12H, SiCH3). 13C NMR (75 MHz, C D Q 3, ppm) 8 (6C overlapped) 135.4 (CH), .135.0 
(CH), 123.9, 122.6, 103.3, 95.4, 81.9, 78.2 (CH), 33.3 (CH2), 31.9 (CH2), 29.74 (CH2), 29.72 
(CH2), 29.67 (CH2), 29.6 (CH2), 29.38 (CH2), 29.35 (CH2), 23.8 (CH2), 22.7 (CH2), 16.0 
(CH2), 14.1 (CH3), -1 .8  (CH3). IR (neat, cm-1) imax 3308 (C C -H ), 2954, 2921, 2852, 2160 
(C"C), 1578, 1464, 1413, 1249, 1162, 984, 949, 884, 840, 826, 779, 711, 682, 651, 621. Anal. 
calcd for C 52H 9oSi2 80.96 (C), 11.76 (H); found 80.95 (C), 11.74 (H). The molecular peak could 
not be detected by any of the available MS techniques (EI, ESI, GC, MALDI-ToF).
((3,5-Diethynylphenyl)ethynyl)dimethyl(octadecyl)silane (149). Column chromatog­
raphy on silica gel using hexane afforded the monosubstituted side product 
(0.20 g, 14%) as a light brown crystalline solid containing approximately 5% 
of unknown impurities (1H NMR). 1H NMR (300 MHz, C D Q 3, ppm) 8 
7.54 (d, J  = 1.5 Hz, 2H, C aH ), 7.52 (t, J  = 1.5 Hz, 1H, C aH ), 3.08 (s, 2H 
CCH), 1.48-1.15 (m, 32H, CH2), 0.93-0.82 (m, 3H, C H 2C H 3), 0.73-0.62 
(m, 2H, SiCH 2), 0.21 (s, 6H, SiCHj). 13C NMR (75 MHz, CDCI3, ppm) 8 
(6C overlapped) 135.5 (CH), 135.2 (CH), 124.0, 122.8, 103.2, 95.7, 81.8,
78.4 (CH), 33.2 (CH2), 31.9 (CH2), 29.74 (CH2), 29.71 (CH2), 29.67 (CH2), 29.6 (CH2),
29.4 (CH2), 29.3 (CH2), 23.8 (CH2), 22.7 (CH2), 16.0 (CH2), 14.1 (CH3), -1 .8  (CH3). IR 
(neat, cm-1) imax 3307 (C C -H ), 2953, 2920, 2850, 2162 (C"C), 2122 (C "C H ), 1577,
1464, 1412, 1297, 1249, 1158, 968, 884, 842, 826, 780, 682, 652, 618. The molecular peak 
could not be detected by any of the available MS techniques (EI, ESI, GC, MALDI-ToF).
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1,3,5-Tris((dimethyl(octadecyl)silyl)ethynyl)benzene (150). Column chromatography on 
silica gel using hexane afforded the pure trisubstituted side 
product (1.3 g, 36%) as a white crystalline solid. :H NMR 
(300 MHz, CDCIb, ppm) 8 7.47 (s, 3H, C aH ), 1.50-1.15 (m, 
96H, CHz), 0.95-0.81 (m, 9H, C H 2C H 3), 0.73-0.60 (m, 6H, 
SiCHz), 0.20 (s, 18H, SiCH3). 13C NM R (75 MHz, C D Q 3, 
ppm) 8 (5C overlapped) 134.9 (CH), 123.7, 103.5, 95.1, 33.3 
(CH2), 31.9 (CH2), 29.74 (CH2), 29.72 (CH2), 29.71 (CH2), 
29.68 (CH2), 29.6 (CH2), 29.38 (CH2), 29.35 (CH2), 23.8 (CH2), 22.7 (CH2), 16.1 (CH2),
14.1 (CH3), -1.8 (CH3). IR (neat, cm-1) i max 2956, 2921, 2852, 2164 (C"C ), 2136 (C"C), 
1575, 1466, 1410, 1249, 1165, 980, 885, 845, 815, 775, 678. Anal. calcd for Cy2H m Si3 
79.92 (C), 12.30 (H); found 80.12 (C), 12.31 (H). The molecular peak could not be 
detected by any of the available MS techniques (EI, ESI, GC, MALDI-ToF).
V
5.5.2 Testing the reactivity o f  the trisubstituted precursors
1.3.5-Tris(4-hexyl-Lff-1,2,3-triazol-1-yl)benzene (144). See General procedure 2.2 (p 50):
136 (10 mg, 50 pmol), oct-1-yne (16 mg, 0.15 mmol), CuI (9.6 mg,
;iH|3 50 pnol), PMDTA (8.6 mg, 50 pnol) THF (2 mL), room temperature,
20 h. Precipitation of the crude product from C H 2C12 with hexane 
afforded the pure product (21 mg, 80%) as an orange crystalline solid. 
1H NM R (300 MHz, C D Q 3, ppm) 8 8.26 (s, 3H, C aH ), 7.94 (s, 3H, 
CAH ), 2.83 ( t , /=  7.6 Hz, 6H, N C H 2), 1.88-1.65 (m, 6H, CH 2), 1.53­
1.18 (m, 18H, CHi), 1.00-0.78 (m, 9H, CH }). 13C NMR (75 MHz, 
CDCl3, ppm) 8 150.2 (CH), 139.2 (CH), 118.7, 110.0, 31.5 (CH2), 29.2 
(CH2), 28.9 (CH2), 25.6 (CH2), 22.5 (CH2), 14.0 (CH3). IR (neat, cm-1) imax 3130, 3089, 2957, 
2925, 2857, 1618, 1514,1496, 1465, 1233, 1043, 1003, 612. ESIMS m /z (%) 1616 ([3M + Na+], 
40), 1685 ([2M + Na+], 92), 532 ([M + H+], 13). HRMS (ESI) m /z calcd for C30H 45N 9 + H+ 
532.38762, found 532.39025 (|A| = 4.95 ppm).
1.3.5-Tris(1-phenyl-1.ff-1,2,3-triazol-4-yl)benzene (152). 150 (0.10 g, 94 pmol), 151 
(33 mg, 0.28 mmol), K2CO 3 (0.13 g, 0.94 mmol), PMDTA (16 mg, 
94 pmol) and CuI (18 mg, 94 pmol) were placed in a Schlenk tube 
equipped with a stirrer and the system was evacuated and filled with 
argon three times. After the addition of a 1/1 mixture of THF and 
MeOH (20 mL), the resulting mixture was stirred at room temperature 
under an argon atmosphere for 24 h  before the reaction was quenched 
with aq. N H 3 (10%). The aqueous layer was extracted three times with 
C H 2O 2 and the combined organic layers were washed with aq. N H 4Q  
(1M) and dried over Na2SO4. After filtration, the solvent was evaporated
and the residue was purified by precipitation from C H 2Cl2 in hexane to afford the pure product 
(47 mg, >99%) as a white crystalline solid. 1H NMR (300 MHz, C D O 3, ppm) 8 8.51 (s, 3H, 
C aH ), 8.47 (s, 3H, C aH ), 7.88-7.81 (m, 6H, C aH ), 7.64-7.54 (m, 6 H, C aH ), 7.53-7.44 (m, 
3H, C aH ). 1H NMR (400 MHz, THF-d8, ppm) 8 9.12 (s, 3H, C aH ), 8.62 (s, 3H, CaH ),  8.06­
7.98 (m, 6H, C aH ), 7.64-7.53 (m, 6H, C aH ), 7.49-7.41 (m, 3H, CaH ). 13C NMR (75 MHz,
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THF-d8, ppm) 8 148.3, 138.3, 133.1, 130.3, 128.9, 122.7, 120.6, 119.4. IR (neat, cm-1) i max 1596,
1502, 1232, 1042, 758, 688 . HRMS (ESI) m /z  calcd for C30H 21N 9 + Na+ 530.18176, found 
530.18236 (|A| = 1.12 ppm).
5.5.3 Synthesis o f  the first- and second-generation dendrimers
1.3.5-Tris(4-(3,5-bis((dimethyl(octadecyl)silyl)ethynyl)phenyl)-1.ff-1,2,3-triazol-1-yl)-
benzene (153). See General procedure 2.2 (p 50): 136 
(28 mg, 0.14 mmol), 148 (0.31 g, 0.41 mmol), CuI 
(26 mg, 0.14 mmol), PMDTA (24 mg, 0.14 mmol), THF 
(20 mL), room temperature, 24 h. Size-exclusion 
chromatography using C H 2O 2 afforded the pure product 
(0.20 g, 60%) as a brown oil. 1H NMR (300 MHz, CDCl3, 
ppm) 8 8.50 (s, 3H, C aH ), 8.46 (s, 3H, C aH ), 8.01 (d, J  =
1.5 Hz, 6H, C aH ), 7.60 (t, J =  1.5 Hz, 3H, C aH ), 1.53­
1.16 (m, 192H, CH 2), 0.93-0.82 (m, 18H, C H 2C H 3), 
0.76-0.64 (m, 12H, SiCHz), 0.24 (s, 36H, SiCH3). 
13C NMR (75 MHz, C D O 3, ppm) 8 (7C overlapped) 
147.9, 139.1, 135.4 (CH), 129.7, 129.0 (CH), 124.4,117.7 
(CH), 110.4 (CH), 103.7, 95.4, 33.3 (CH2), 31.9 (CH2),
29.74 (CH2), 29.71 (CH2), 29.65 (CH2), 29.364 (CH2), 29.357 (CH2), 23.8 (CH2), 22.7 (CH2),
16.1 (CH2), 14.1 (CH3), -1 .8  (CH3). IR (neat, cm-1) imax 2958, 2922, 2853, 2154 (C"C), 1617,
1503, 1464, 1258, 1091, 1031, 854, 841, 813. MALDI-ToF MS (HABA, AgNO3) m /z  calcd for 
C i62H 273N 9Si6 + Na+ 2536.01, found 2535.62.
1.3.5-Tris(4-(3,5-diethynylphenyl)-1.ff-1,2,3-triazol-1-yl)benzene (146).
Method A. See General procedure 2.2 (p 50): 136 (20 mg, 
0.10 mmol), 135 (90 mg, 0.60 mmol), CuI (19 mg, 0.10 mmol), 
PMDTA (17 mg, 0.10 mmol), THF (15 mL), room temperature, 
24 h. Column chromatography on silica gel using TH F/M eO H  
(99/1 to 20/1) afforded the pure product (20 mg, 30%) as a white 
solid.
Method B. A mixture of 153 (93 mg, 37 ^mol), K2C O 3 (0.10 g, 
0.75 mmol) and TH F/M eO H  (50 mL, 4/1) was stirred at room 
temperature for 12 h before the reaction was quenched with water. 
The aqueous layer was extracted with C H 2O 2 and the combined 
organic layers were dried over Na2SO4. After filtration, the solvent 
was evaporated and the residue was purified by flash column chromatography on silica gel 
using C H Q 3 and TH F/M eO H  (20/1) to afford the pure product (24 mg, 99%) as a white 
solid.
1H NMR (300 MHz, THF-d8, ppm) 8 9.43 (s, 3H, C aH ), 8.76 (s, 3H, C aH ), 8.17 (d, J  =
1.5 Hz, 6H, C aH ), 7.56 (t, J  = 1.5 Hz, 3H, C aH ), 3.71 (s, 6H, CCH). 13C NMR (75 MHz, 
THF-d8, ppm) 8 147.5, 140.1, 135.3 (CH), 132.2, 129.7 (CH), 124.5, 120.4 (CH), 110.5
136
(CH), 82.7, 79.7 (CH). IR (neat, cm-1) imax 3330-3150 (b, C C -H ), 2921, 2850, 2161 
(C"C ), 2107 (C"C), 1726, 1620, 1606, 1515, 1496, 1232, 1035, 880, 832, 670, 625. 
MALDI-ToF MS (dithranol, AgNO3) m /z calcd for C42H 2oAgN9 -  N 2 + O H  + Na+
769.08, found 768.82; calcd for C42H2oAgN9 -  N 2 + (H + Na)+ 753.08, found 752.83; 
C42H2oAgN9 -  N 2 + H + H + 731.10, found 730.89. The molecular formula C42H2oAgN9 
corresponds to the silver(l) acetylide of 146 (C42H 21N 9 -  H+ + Ag+).
4-(3,5-Bis((dimethyl(octadecyl)silyl)ethynyl)phenyl)-1-(3,5-diazidophenyl)-Lff-1,2,3- 
triazole (154).
Method A. See General procedure 2.2 (p 50): 136 (67 mg, 0.33 mmol), 
148 (0.26 g, 0.33 mmol), CuI (64 mg, 0.33 mmol), PMDTA (58 mg, 
0.33 mmol), THF (50 mL), room temperature, 20 h. Size-exclusion 
chromatography using C H 2Q 2 afforded the pure product (80 mg, 25%) 
as a white solid.
Method B. A solution of 148 (0.36 g, 0.47 mmol) in TH F (60 mL) was 
added to a stirred solution of 136 (0.47 g, 2.3 mmol), CuI (18 mg, 
94 ^mol) and PMDTA (24 mg, 0.14 mmol) in THF (10 mL) at room temperature over 2 h. 
The resulting mixture was stirred at room temperature for an additional 22  h before the 
reaction was quenched with aq. N H 4Q  (1M). The aqueous layer was extracted three times 
with C H 2Q 2 and the combined organic layers were dried over Na2SO4. After filtration, the 
solvent was evaporated and the residue was purified by column chromatography on silica gel 
using pentane to recover 136 (0.26 g, 68%) and pentane/ethyl acetate (99.5/0.5) to obtain a 
mixture containing the product, which was further purified by size-exclusion chroma­
tography using C H 2O 2 to afford the pure product (0.27 g, 60%) as a white solid.
1H NMR (300 MHz, C D O 3, ppm) 8 8.19 (s, 1H, C a H ), 7.94 (d, J  = 1.5 Hz, 2H, C a H ), 
7.57 (t, J  = 1.5 Hz, 1H, C aH ), 7.24 (d, J =  1.9 Hz, 2H, C aH ), 6.73 (t, J  = 1.9 Hz, 1H, 
C aH ), 1.49-1.18 (m, 64H, C H 2), 0.92-0.83 (m, 6H, C H 2CH 3), 0.73-0.65 (m, 4H, 
SiCH2), 0.23 (s, 12H, SiCH3). 13C NMR (75 MHz, C D Q 3, ppm) 8 (7C overlapped) 147.3,
143.6, 139.0, 135.2 (CH), 130.0, 129.0 (CH), 124.3, 117.7 (CH), 109.4 (CH), 107.2 (CH),
103.8, 95.3, 33.3 (CH2), 31.9 (CH2), 29.73 (CH2), 29.70 (CH2), 29.65 (CH2), 29.6 (CH2),
29.4 (CH2), 23.8 (CH 2), 22.7 (CH2), 16.1 (CH2), 14.1 (CH3), -1.8 (CH3). IR (neat, cm-1) 
imax 2956, 2922, 2851, 2154 (C"C), 2113 (N3), 1600, 1466, 1249, 840, 613. MALDI-ToF 
MS (dithranol) m /z  calcd for C58H93N9Si2 -  3N 2 + 2C 14H 10O 3 1339.82, found 1339.79; 
calcd for C 58H 93N 9Si2 -  3N 2 + C 14H 10O 3 + H + 1114.76, found 1114.70; calcd for 
C 58H 93N 9Si2 + H+ 972.72, found 972.50; calcd for C 58H 93N 9Si2 -  3N 2 + K+ 926.65, found 
925.91; calcd for C58H 93N 9Si2 -  2N 2 + H+ 916.70, found 916.66; calcd for C 58H 93N 9Si2 -  
3N 2 + H+ 888.70, found 888 .68 . MALDI-ToF MS (2,2':5',2-tertiophene) m /z calcd for 
C 58H 93N 9Si2 -  3N 2 + C 12H 8S3 + H + 1136.68, found 1136.65; calcd for C 58H 93N 9Si2 -  
C 18H 37 -  4C H 3 + H+ 659.33, found 658.96. The molecular formulas C 14H 10O 3 and 
C 12H 8S3 correspond to dithranol and 2,2':5',2-tertiophene, respectively.
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1,3,5-Tris(4-(3,5-bis(4-(3-azido-5-(4-(3,5-bis((dimethyl(octadecyl)silyl)ethynyl)phen-
yl)-1_ff-1,2,3-triazol-1-yl)- 
p h en yl)-1 .ff -1 ,2 ,3 -tr ia -  
zol-1-yl)phenyl)-1.ff-1,2,3- 
triazol-1-yl)benzene (155). 
A solution of 146 (5.3 mg,
7.8 ^mol), CuI (17 mg, 
87 ^mol) and PM DTA 
(15 mg, 87 ^mol) in THF 
(60 mL) was added dropwise 
over 4 h to a stirred solution 
of 148 (85 mg, 87 ^mol) in 
TH F (10 mL). The resulting 
mixture was then stirred for 
an additional 15 h at room 
temperature under an argon 
atmosphere before it was 
diluted with C H 2O 2. After 
this period, the organic 
solution was washed with aq. 
N H 3 (50 mL, 10%) and aq. 
N H 4Cl (1M) and dried over 
Na2SO4. After filtration, the 
solvents were evaporated and the residue was purified by size-exclusion chromatography (SEC) 
using C H 2O 2 to afford side product 156 (20 mg, 21%) as a yellowish solid and the recovered 
starting compound 148 (34 mg, 40%). Repeatedly, the desired product 155 could not be detected 
in the crude reaction mixture as well as in any of the fractions obtained by SEC.
Compound 156. The isolated side product 156 contained a small amount of unknown
impurities (1H NMR). 1H NMR (400 MHz, 
CDCl3, ppm) 8 (Signals were assigned using 
COSY and NOESY 2D NMR spectroscopic 
techniques) 8.31 (s, 1H, H-4'), 8.13 (s, 1H, 
H-4), 8.04 (dd, J  = 1.6, 1.6 Hz, 1H, H-1' or 
H-3'), 7.91 (dd, J  = 1.7, 1.7 Hz, 1H, H-3' or 
H-1 '), 7.91 (d, J  = 1.5 Hz, 2H, H-1 and H-3),
7.69 (dd, J  = 1.9, 1.9 Hz, 1H, H-5), 7.56 (t, J  =
1.5 Hz, 1H, H-2), 7.46 (dd, J  = 2.0, 2.0 Hz, 
1H, H-7), 7.36 (dd, J  = 1.6, 1.6 Hz, 1H, H-2' ), 
7.27 (d, J  = 1.9 Hz, 2H, H-5' and H-7 '), 7.10 (dd, J  = 1.9, 1.9 Hz, 1H, H -6), 6.74 (t, J  =
1.9 Hz, 1H, H-6 '), 1.48-1.16 (m, 128H, CH2), 0.91-0.84 (m, 12H, C H 2CH 3), 0.78-0.72 
(m, 2H, SiCHz), 0.72-0.64 (m, 6H, SiCHz), 0.23 (s, 6H, SiCH3), 0.22 (s, 12H, SiCH3), 
0.21 (s, 6H, SiC H ). IR (neat, cm-1) imax 2954, 2924, 2851, 2158 (C"C), 2111 (N3), 1600,
1465, 1263, 1034. The low signal-to-noise ratio did not allow the reliable assignement of the
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13C NMR signals and the molecular peak could not be detected by any of the available MS 
techniques (EI, ESI, GC, MALDI-ToF). The !H NMR spectrum of the sample measured 
after 6 -8  months showed a significant broadening of the signals, caused by either the 
copper(I)/copper(II) oxidation or decomposition of the material, or both.
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Triazole-Pyridine Oligomers: A Novel Approach to 
nultichromophoric Light Emitters
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Chapter 6
In this chapter, a modular synthesis of novel triazole-pyridine-derived 
carbon-rich oligomers, prepared by using the copper-catalysed azide- 
alkyne cycloaddition, is described. The triazole-pyridine units serve as 
ligands that can coordinate to iridium(lIl) and form luminescent 
complexes. Using this approach, a series of iridium-derived molecules, 
that differ in the number of iridium centres and the characteristics of 
the cyclometallating ligand and the backbone, were synthesised. The 
preliminary photophysical properties of the prepared complexes 
indicate that there is only limited interaction (through space or 
through the backbone) between the iridium centres within one 
molecule and that each iridium centre retains its individual properties. 
This approach can be applied in the design and preparation of tuneable 
light emitters, which was demonstrated by the example of a single­
molecule white-light emitter, constructed from two iridium centres 
(yellow emission) and a fluorene unit (blue emission).
6.1 Introduction
In the previous chapter, the scope of the copper-catalysed azide-alkyne cycloaddition 
(CuAAC) reaction to construct 2D well-defined cut-outs of “click graphene”, comprising 
alternating triazole-1,4-diyl and benzene-1,3,5-triyl units, was studied. In this chapter, this 
study was extended for 1D heteroaromatic scaffolds, oligomers and polymers. Numerous 
examples of the CuAAC reaction to construct various oligomeric and polymeric (1D) or 
dendrimeric (2D and 3D) networks are known in the literature;t95] in all these examples, 
however, the 1H-1,2,3-triazole (triazole) moiety has only been used as a covalent linkage and 
to connect mainly aliphatic-like subunits. Examples in which the triazole moiety would be 
employed as a building block to construct heteroaromatic conjugation- or function-related 
materials only started to appear six years agoi97] For an overview of these examples, see 
Section 1.3.1 (p 16).
Among the examples of the conjugation-related triazole-derived materials, the studies of 
the photophysical properties of various chromophoric polymers revealed that these properties 
were independent of molecular weight, that is, there was only poor electron or energy 
transport between the chromophoric units, which retained their individual properties.t97m-97n] 
These results indicate that conjugation is not extended through the triazole moiety (or as 
sometimes postulated through the formally sp3 hybridised nitrogen atom (N-1) of the
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triazole groupt97d]), even though, according to extensive molecular modelling, the triazole 
moiety is known to be flat.[97m] As a consequence, the CuAAC approach represents an 
efficient tool to link various (hetero)aromatic chromophoric units into a covalent ensemble 
while retaining the individual properties of each unit. Consequently, the overall emission 
spectrum of the ensemble can readily be tailored.
Recently, it was described that 2-(1H-1,2,3-triazol-4-yl)pyridine (triazole-pyridine) 
derivatives form highly photoluminescent cyclometallated iridium complexes when used as 
ancillary ligands.t176] This inspired us to investigate the scope and limitations of employing 
the triazole moiety as a functional building block in the synthesis of 1D heteroaromatic 
scaffolds by using the highly efficient CuAAC reaction. Upon metal complexation, 
the construction of various triazole-pyridine-derived oligo-/polymeric structures can 
allow for the versatile access to a new class of light-emitting materials. Polymeric light- 
emitting materials based on d6-transition-metal complexes, especially using ruthenium(ll) and 
iridium(lIl) ions,t177] have recently gained special attention!178! and found use in many differ­
ent applications, such as light-emitting devices,t179] sensorst180] and photosensitisersi181] For 
this purpose, new functional materials with tailor-made properties, good processing features 
and straightforward syntheses are of central importance. Moreover, the study of the 
properties of such multichromphoric ensembles, w ith the chromophores covalently linked by 
triazole-derived heteroaromatic spacers, could shed more light on the conjugation pathways 
of the triazole moiety. To develop a modular approach to chromophoric iridium-array 
materials, employing the triazole-pyridine moiety as a functional building block, the novel 
monomeric repeat unit 163 was designed and synthesised (Figure 6.1).
163
Figure 6.1 Structures of the monomeric repeat unit 163 and polymer 164, possessing
one triazole-pyridine unit (per monomer; in bold) that serves as a ligand to 
form a luminescent iridium complex (in bold).
Monomer 163 possesses one triazole-pyridine unit (in bold) that serves as a ligand to 
coordinate iridium(lIl) and is equipped w ith an azide and an acetylene group at opposite 
ends. The polymerisation of the iridium-derived monomer 163 under CuAAC conditions 
could afford polymer 164, a new type of multichromophoric material equipped with 
phosphorescent iridium complexes (in bold) along the heteroaromatic backbone. The 
photophysical properties of such an iridium-derived material are of interest since its 
properties can vary depending on the structure and can be readily tuned by modifying either
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the cyclometallating ligand (C AN) or the backbone. Furthermore, it was of interest whether 
the resulting photophysical properties of 164 are similar to those of the individual iridium 
centres or whether there is any significant electron or energy transfer (through space or 
through the backbone) between the iridium centres. Two types of cyclometallating ligands 
were used in the presented work, namely, 2-phenylpyridine (ppy) and 2-(1H-pyrazol-1-yl)- 
pyridine (ppz).
6.2 Results and  discussion
Initial attempts to synthesise Ir(ppy)2(163) by reacting 163 with (ppy)iIr(^.-Cl)2lr(ppy)2 
resulted in the fast decomposition of the azide group, probably initiated by light and/or heat. 
An alternative approach, in which 163 would first undergo polymerisation using the CuAAC 
reaction and subsequent reaction with (ppy)2Ir(^.-Cl)2Ir(ppy)2 to afford 164, also proved not 
to be satisfactory; only short oligomers of 164 were formed because of their poor solubility, 
which inhibited further growth of the polymeric chain.
To overcome these problems, two types of oligomers containing one or more triazole­
pyridine units were designed and synthesised, and are schematically represented in Figure 6.2 
and summarised in Tables 6.1-6.3. In these structures, no azide groups are present; thus, the 
corresponding iridium complexes could be isolated and purified, allowing the systematic 
study of their photophysical properties.
Figure 6.2 Schematic representation of the prepared heteroaromatic oligomers with 
antiparallel (type A) and parallel (type B) orientation of the triazole­
pyridine units (BG = blocking group).
In the type A system, two triazole-pyridine moieties and their Ir(C AN )2 complexes were 
connected through a series of heteroaromatic spacers (Tables 6.1 and 6 .2 ). The spacers 
differed in length ( 165 and 166), electronic properties ( 166, 167 and 168) and substitution 
of the central benzene ring (para versus meta; 166 and 169).
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Table 6.2 “Antiparallel” trimeric oligomers (type A).
R
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Table 6.3 “Parallel" monomers and oligomers (type B).
cmpd n R
170a-170c 
171a, 171c 
172a-172c
173c
174a
174c
[a] (Triisopropylsilyl)ethynyl.
To make the desired oligomers/polymers (type B; Table 6.3), an alternative strategy was 
required; the oligomers were grown stepwise from one end, which resulted in a parallel 
orientation of the repeat unit in contrast to the antiparallel orientation in type A (Figure 6.2). 
In this system, oligomers of different lengths (170-174) were synthesised and, in one case, 
the conjugation was interrupted by the insertion of a cyclohexane-1,4-diyl unit into the 
heteroaromatic backbone (174).
TIPSAM
ethynyl
TIPSAM
1
1
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To prepare the triazole-pyridine-based ligands in a modular and efficient manner by 
using the CuAAC reaction, precursors 175 and 176 were designed and synthesised as 
versatile monomeric building blocks (Scheme 6.1). The antiparallel dimeric (165a-168a) and 
trimeric (169a) ligands were successfully synthesised from 175 and the corresponding 
diethynyl spacers 177, 178,t182] 179 and 180 (Table 6.4). The parallel oligomeric ligands 
170a-172a and 174a were prepared starting from the acetylene-functionalised blocking 
group 181 by the stepwise growth of the oligomeric chain by using 175 and 176, respectively 
(Scheme 6.2).
Scheme 6.1 Synthesis of the monomeric building blocks 175 and 176.
The monomeric building blocks 175 and 176 were synthesised in four steps starting from 
commercially available 2,5-dibromopyridine (182) via the key intermediate 184. Compound
184 is equipped with two different protecting groups on the acetylene moieties; TMS in the 
2-position and TIPS in the 5-position, which were attached in two steps starting from 182 by 
a series of Sonogashira cross-coupling reactions. In the first step, the substitution reaction 
took place exclusively in the 2-position, affording intermediate 183, due to the increased 
polarity of the C -B r bond in the 2-position compared with the 5-position. Despite the 
increased reactivity of pyridine electrophiles in cross-coupling reactions (compared with 
benzene), high selectivity was achieved by carrying out the reaction under mild conditions 
(room temperature).* Selective removal of the TM SA group in 184 provided intermediate
185 that, on reaction with an excess of bis(azides) 186 or 187 under the standard conditions 
(Cul, PMDTA), afforded the desired monomeric building blocks 175 and 176, respectively.
Subsequently, the dimeric ligands 166a- 168a were prepared by reacting two equivalents 
of 175 with one equivalent of the corresponding bis(acetylene) spacer (177-179) under the
* It was, however, necessary to use slightly less than one equivalent of TMSA to avoid the formation of 
the di substituted side product that could only be removed by preparative HPLC. Minor fractions of 
unreacted 182 (usually not more than 5%) were easily removed by crystallisation from MeOH/H2O 
mixtures.
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standard conditions (Cul, PMDTA); for the trimeric ligand 169a, the reaction was done with 
three equivalents of 175 and one equivalent of the tris(acetylene) spacer 180 (Table 6.4). To 
minimise the length of the spacer, 165a was synthesised using intermediate 185 as the 
monomeric building block and bis(azide) 186 as the spacer. In all cases, the desired ligands 
were obtained in good to excellent yields; in the case of 166a and 169a, purification was 
hampered by restricted solubility and aggregation, respectively, and the yields reported are 
those of the crude products.
Table 6.4 Summary of the precursors and the isolated yields for the dimeric (165a- 
168a) and trimeric (169a) ligands.
Entry
Monomeric Spacer
building bl°ck Structure Number
Product
Yield
185
175
175
175
175
186 165a 92
177 166a 98[a]
178 167a 47
179 168a 88
180 169a 51[:
3
4
5
[a] Yield of the crude product.
The acetylene-functionalised blocking group 181 was efficiently synthesised starting 
from 1,3,5-tribromobenzene (188) via the tris(acetylene)-derived intermediate 189 (Scheme
6.2). Similarly to 184, compound 190 was also obtained by a series of Sonogashira cross­
coupling reactions via intermediate 189. The moderate selectivity of the first step led to the 
formation of the mono- and trisubstituted side products. Thus, the propane-2-ol moiety was 
chosen as a protecting group to enable the easy separation of the desired 189 by column 
chromatography. The selective deprotection of the acetylene groups protected by the 
propane-2-ol moiety in 190 afforded precursor 191, which after the reaction with two 
equivalents of bulky azide 192 provided 193 (for the structure, see the Experimental section 
in this chapter (p 162)). The desired blocking group 181 was obtained after the deprotection 
reaction of 193 with TBAF. Subsequently, the oligomeric ligands 170a-172a and 174a were 
prepared starting from the acetylene-functionalised blocking group 181 and the monomeric 
building blocks 175 and 176 by the stepwise clicking-deprotection process, as shown in
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Scheme 6.2. By incorporating the blocking group, the oligomeric chain could easily be 
extended in the two-step unidirectional process to contain an extra monomeric unit. A t the 
same time, the bulky substituents of 181 prevented the aggregation of the extended chain and 
allowed the solubility to be retained. As such, this approach represents an elegant and 
modular method to well-defined unidirectional oligomeric triazole-pyridine-derived macro- 
molecular structures.
Scheme 6.2 Synthesis of the blocking group 181 and the oligomeric ‘“parallel" ligands 
170a-172a and 174a.
Two series of the target chromophoric molecules, b (165b-170b and 172b) and c 
(165c-168c and 170c-174c), were effectively obtained from ligands 165a-172a and 174a. 
Heating a mixture of the ligand and a slight excess of [Ir(CAN )2]2Cl2 (the structures of the 
corresponding cyclometallating ligands are depicted in Tables 6.1 and 6.3) afforded the 
corresponding iridium compound in good to excellent yield. Usually heating at 50 °C for two 
hours was sufficient to achieve complete conversion; in the case of 161b, a prolonged reaction 
time was necessary due to the restricted solubility of 161a. All target compounds exhibited 
good solubility in C H 2O 2 or C H O 3 and gradient column chromatography using C H C W  
M eO H  as the eluent proved to be very efficient as a purification technique. ESIMS analysis of 
the pure products did not show the presence of the mono(iridium) species in the case of the 
dimers; similarly, no mono- and bis(iridium) species were detected in the case of the trimer. 
Additionally, all binuclear iridium complexes were obtained as a 1/1 mixture of two dia- 
stereomers (for more information, see the Experimental section in this chapter).
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Target molecules 165b-170b, 172b, 165c-168c, 170c and 172c-174c were subjected 
to preliminary photophysical and electrochemical1'!183! studies; the results are summarised in 
Table 6.5. In terms of the cyclometallating ligands coordinated to iridium (see Tables 6.1 and
6.3), the target compounds can be divided into two classes (the b and c series). Triazole­
pyridine iridium complexes analogous to the complexes in the b series were previously 
described and their triplet ligand-centred (3LC) excited states were found to be localised 
primarily on the cyclometallating ligandi176b] Triazole-pyridine iridium complexes analogous 
to the complexes in the c series have not been described before; by comparing similar 
examples from the literature, 3LC excited states are, however, expected to be localised on the 
triazole-pyridine ligand.[184] In terms of the relative orientation of the triazole-pyridine units 
in the ligand (see Tables 6.1-6.3), each series can be further divided into two sub-classes 
(“antiparallel” type A and “parallel” type B, see Figure 6.2).
All target molecules show emission in the green-to-yellow region of the spectrum at 
room temperature except for compound 168c, which shows additional emission in the blue 
region of the spectrum. The luminescence quantum yields of the complexes measured under 
air-equilibrated conditions were lower when compared with those under argon-saturated 
conditions. This observation is due to the triplet nature of the emissive state of the iridium 
complex that is easily quenched by the ground-state oxygen present in solution. It can be seen 
that under air-equilibrated conditions, the quantum yields are all very similar (0.01-0.04) 
except for compound 168c, which was observed to have a significantly lower quantum yield 
(by a factor of «10). Similar values of measured quantum yields of our compounds are in 
agreement with previous observations; in a series of complexes with two ppy cyclometallating 
ligands and a third highly conjugated phenylethynyl ligand, a reasonably constant quantum 
yield along a similar but rather short series of complexes was observedi185] This interesting 
effect has been ultimately assigned to the high-spin orbit coupling of the iridium centre 
(heavy-atom effect).t177b] Under argon-saturated conditions, compounds 170b and 172c have 
a small increase in the value of their luminescence quantum yield by a factor of between six 
and nine; in all other cases, the compounds have an increase in their quantum yields by a 
factor of between one and five.
6.2.2 Study o f  the photophysical properties
1 In addition to the photophysical characterisation, the electrochemical characterisation of selected iridium 
complexes was carried out using cyclic voltammetry. For compound 165c, a reversible oxidation process at +1.01 V 
and irreversible reduction process at -1.83 V were observed. For all other compounds, ill-reproducible oxidation 
processes and, in some cases, (irreversible) reduction processes at around -1.8 V were observed.
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Table 6.5 Photophysical characterisation data of the studied iridium complexes.
cmpd
Absorbance Emission at room temperature!3■,c] Emission at 77 K
£355^ 1 Imax (nm) $air 0Ar Tair (^s) TAr (^s) T (^s)[c]
165b 0.57 551 0.01 0.05 0.16 0.20 4.1
166b 0.66 513 0.02 0.08
1.3 (18%) 
0.34 (82%)
1.8 (25%) 
0.78 (75%) 4.3
167b 1.2 553 0.03 0.14
1.53 (60%) 
0.40 (40%)
2.10 (23%) 
0.91 (77%)
— [d]
168b 2.2 546 0.01 0.03
2.1 (3%) 
0.50 (97%)
8.0 (1%) 
1.6 (99%)
— [d]
169b 0.47 543 0.03 0.08
1.82 (10%) 
0.80 (90%)
1.78 (20%) 
0.69 (80%)
— [d]
170b 0.27 550 0.03 0.19 0.14 0.21 4.4
172b 0.63 518 0.02 0.05
0.17 (17%) 
0.04 (83%)
1.6 (61%) 
0.31 (39%)
4.5 (25%) 
1.7 (75%)
165c 0.34 539 0.02 0.05
0.43 (31%) 
0.20 (69%)
0.31 (75%)
0.11 (11%)
15.0 (40%)
4.0 (60%)
166c 0.41 547 0.04 0.05
0.54 (12%) 
0.20 (88%)
2.10 (24%) 
0.86 (76%)
17.5 (22%) 
5.43 (78%)
167c 1.3 540 0.01 0.04
0.54 (10%) 
0.2 (90%)
0.69 (4%) 
0.19 (90%)
— [d]
168c 2.0 544 0.001 0.005
0.34 (62%) 
0.05 (38%)
2.00 (11%) 
0.47 (89%)
— [d]
170c 0.15 540 0.02 0.08
0.58 (25%) 
0.19 (75%)
0.56 (51%) 
0.25 (49%)
17.0 (44%) 
4.8 (56%)
172c 0.63 511 0.04 0.34
0.42 (74%) 
0.10 (26%)
0.66 (30%)
0.18 (70%)
14.0 (30%) 
3.3 (70%)
173c 0.22 507 0.01 0.03 0.5 (3%) 
0.17 (97%)
1.0 (13%) 
0.3 (87%)
24.0 (23%)
5.0 (77%)
174c 0.10 507 0.03 0.10 2.3 (39%) 0.7 (61%)
2.3 (15%) 
0.84 (85%)
17.0 (50%) 
4.5 (50%)
[a] Measured in THF/CH2O 2 (9/1). [b] 5355 (x 104 M-1 cm-1). [c] Excitation at 355 nm. [d] These compounds 
showed very high scattering in the rigid matrix that did not allow a good statistical analysis of the time-resolved 
data.
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From the steady-state measurements at room temperature, two groups are clearly seen 
(Figure 6.3 and Table 6.5). One group of complexes (166b, 172b, 172c, 173c and 174c) has 
a relative blue shift in their emission spectrum that shows a more structured emission profile 
characteristic of 3LC emission, and the emission maximum between 507 and 518 nm 
(towards the green colour). The second group (165b, 167b-170b, 165c-168c and 170c) has 
a much broader emission profile and a relative red shift in the emission spectrum with the 
emission maximum between 539 and 553 nm (towards the yellow colour). The former 
emission profile can be ascribed to an emissive state closer in character to the 3LC excited 
state whereas the latter can be ascribed to a stronger triplet metal-to-ligand charge-transfer 
(3M LCT) character. A similar example was described previously in the literature; compounds 
that shared the same iridium emissive core Ir(ppy)2L were found to have a more 3LC or 
3M LC T emissive state depending on the variations introduced in the third ligand L i177b-185] 
In low-temperature and rigid-matrix conditions, the corresponding blue shifts were observed 
for all complexes and the emission profiles became clearly resolved, showing the vibronic 
structure of the emissive state and indicating a 3LC emission.
X (nm)
Figure 6.3 Characteristic examples of the emission spectra at room temperature
(excitation at 355 nm) of the prepared complexes with a relative red and a 
relative blue shift obtainedfrom steady-state measurements.
Most of the measured lifetimes at room temperature are clearly biexponential indicating 
the decay of more than one excited state at the same time. These could result from the 
different excited states within the same complex (3LC or 3M LCT) or different isomers (all 
binuclear complexes were obtained as a 1/1  mixture of two diasteromers) or a combination of 
these factors. Under air-equilibrated conditions, the lifetimes of the excited states span from 
0.10 to 2.3 .^s and they become significantly longer under argon-saturated conditions due to
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the triplet character of the emitting states. A t low temperature (77 K) in rigid-matrix 
conditions, the general tendency observed is a very slow biexponential decay composed of 
one component with a lifetime of around 4 .^s and one very long component of up to 24 ^s. 
The components in the range of a few ^s are characteristic for 3M LC T (t  «  5 ^s) emissive 
states, whereas the much longer components are ascribed to 3LC emissive statesi186]
In general, the described photophysical properties of the target molecules are not 
significantly altered by changes within the structures. W hen a more detailed comparison of 
the structures of the prepared molecules was carried out, two groups with a common struc­
tural difference can be recognised. In one group, the heteroaromatic backbone possesses only 
one (170b and 170c), two (165b-168b and 165c-168c) or three (169b) triazole-pyridine 
moieties, each bearing an acetylene group in the 5-position of the pyridine unit. In the second 
group, one triazole-pyridine moiety bears a triazole group instead of an acetylene group in 
the 5-position of the pyridine unit (172b, 172c, 173c and 174c). Previous studies indicate 
that conjugation cannot be significantly extended through the triazole moiety,t97m-97n] it can, 
however, be extended through the 5-position of the pyridine unit. Considering this, one 
iridium atom of 172b, 172c, 173c and 174c is coordinated to the ancillary triazole-pyridine 
ligand with the conjugation extended by an extra triazole group (it should be noted that the 
triazole moiety is more electron deficient than the acetylene group). Except for 166b, 
molecules of these groups correlate with the molecules of the two groups obtained from the 
steady-state measurements. These results indicate that the blue shifts in the emission spectra 
of 172b, 172c, 173c and 174c can be associated with the described extended conjugation 
effect (Figure 6.3). Interruption of the conjugation by the triazole moiety is further 
supported; no effect on the emission spectra of the dimeric/trimeric molecules that differ in 
spacer length (165 and 166), electronic properties (166-168) and substitution of the central 
benzene ring (166 and 169) was observed. These conclusions are in agreement with previous 
observations in the literaturet97m-97n] and show that by using this approach, a number of 
chromophores can be effectively linked together and maintain their individual properties.
6.2.3 Towards white-light em itters
Considering the conclusions above, our approach represents an efficient tool for the 
preparation of white-light emitters.t178a-187] Compounds 168b and 168c are an example in 
which one chromophoric fluorene unit equipped with two acetylene groups was covalently 
linked using the CuAAC reaction with two iridium chromophores. The photophysical 
properties of compound 168b are very similar to the properties of other compounds in the 
b series; the photophysical properties of compound 168c are, however, significantly different. 
As mentioned previously, the values of the quantum yield and the lifetime of 168c are 
significantly lower (by a factor of «10) compared with other quantum yields (Table 6.5). 
Moreover, apart from the emission in the green-to-yellow region of the spectrum that is
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ascribed to the iridium chromophore, compound 168c shows emission in the blue region of 
the spectrum that is ascribed to the fluorene chromophore (Figure 6.4).
o .o  -I— ^ --------------1------------- ,--------------,--------------,--------------1
400 450 500 550 600 650 700 
A  (nm)
Figure 6.4 Emission profiles at room temperature (excitation at 355 nm) of the 
prepared complexes containing two different chromophoric units.
The reason for such a dramatic decrease of the quantum yield in the case of 168c is not 
understood and will be a subject of future investigation. Nevertheless, the combination of the 
“blue” and “green-to-yellow” emission of 168c leads to the “white-like” emission observed by 
a naked eye, as depicted in Figure 6.5.
Figure 6.5 “White-like” emission of 168c resultingfrom “green-to-yellow” (iridium)
and “blue” (fluorene) emissions within one molecule, as observed by a naked 
eye; excitation at 333.6-363.8 nm (Spectra-Physics BeamLok 2085-15S 
Argon Laser with Mid UVMultiline mirrors, 40 mW).
Our approach allows us to further tune the properties of the prepared complexes by 
postmodification of the peripheral acetylene groups by using the CuAAC reaction. Moreover,
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a number of different chromophores can be readily combined and their ratio, that will 
provide the desired properties (e.g., “the perfect white”t187a]), can be effectively controlled.
6.3 Conclusion
In summary, a novel modular synthesis of a series of triazole-pyridine-derived ligands 
and their luminescent iridium(lIl) complexes using the CuAAC reaction was described. One, 
two or three iridium centres were effectively linked through a series of heteroaromatic spacers 
using versatile acetylene- and azide-functionalised precursors. The preliminary studies show 
that the photophysical properties of all target molecules are not significantly altered by 
changes within the structure (the spacer properties, the number of iridium centres and the 
cyclometallating ligand) and indicate that the conjugation in the heteroaromatic backbone 
cannot be extended through the triazole moiety. Accordingly, very little interaction (through 
space or through the backbone) between the iridium centres within one molecule was 
observed, indicating that each iridium centre retains its individual properties. O ur approach is 
of interest for the design and construction of various light-emitting materials by the covalent 
linking of different chromophores, including versatile tuning of the material’s properties, by 
using “click” chemistry. One example of such an application was demonstrated; two iridium 
centres showing “yellow” emission and one fluorene unit showing “blue” emission were 
covalently linked to provide a “white-light” emitter. More detailed investigation of the 
photophysical properties of this new class of compounds and their applications, including 
energy-transfer kinetics and electroluminescence studies in thin films, will be the subject of 
our future research.
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6.5 Experimental section
General. For general information, see Experimental section 2.5 (p 47). 1,4-Bis(dodecyl- 
oxy)-2,5-diethynylbenzene (178)t182] and w«o-A,A-(C*N)2lr(^-Cl)2lr(C*N )2 (C*N = 2-phenyl- 
pyridine or 2-(1H-pyrazol-1-yl)pyridine)t188] are known from the literature and were prepared 
following the described procedures.
The photophysical measurements were carried out at the University of Amsterdam. The 
electronic absorption spectra were recorded in a quartz cuvette (1 cm, Hellma) on a Hewlett- 
Packard 8543 diode array spectrophotometer (range 190-1100 nm). The steady-state fluorescence 
spectra were recorded using a Fluorolog 3 (Spex 1681) spectrofluorimeter equipped with a Xe arc 
light source, a Hamamatsu R928 photomultiplier tube detector and a double excitation and 
emission monochromator. The emission spectra were corrected for source intensity and detector 
response by standard correction curves, unless stated otherwise. Emission quantum yields were
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measured in optically dilute solutions, using the indicated reference solution, according to the 
following:
0 u = [(Ar/u«u2)/(Au/r«r2)]$r
in which u and r are the unknown and the reference values, respectively, 0  is the luminescence 
quantum yield, A  is the absorption factor at the excitation wavelength (<0.1), I  is the integrated 
emission intensity and n is the refractive index of the solvents. Lifetimes of excited states were 
determined using a Nd:YAG laser (7 ns pulses fwhm, excitation at 355 nm) and a Hamamatsu 
C5680-21 streak camera equipped with Hamamatsu M5677 low-speed single-sweep unit. Streak 
cameras are high-speed light detectors, which enable detection of the fluorescence as a function of 
the spectral and the time evolution simultaneously. The stock solutions were prepared by 
dissolving the sample in a minimum amount of C H 2Q 2; the solution was then diluted with THF 
(solvents Uvasol grade). All complexes showed good solubility in C H 2O 2 except for 166c. As a 
reference, Ru(bpy)3Cl2 in water was used (0air = 0.028 and 0Ar = 0.042).t189] All compounds 
showed good stability evidenced by the lack of changes in their UV-vis spectra before and after 
the measurements, except for compound 165c, which showed the disappearance of the band 
centred at 315 nm, probably due to photodecomposition. In several of the time-resolved 
experiments at low temperature (77 K) in a rigid matrix, the complete precipitation of the 
complexes was observed during the freezing procedure. These molecules showed limited solubility 
in the solvents that give good glassy matrices (butyronitrile, ethanol, etc.) making the time- 
resolved measurement under these conditions rather difficult.
6.5.1 Synthesis o f  the mono- and difunctionalised precursors
Azidocyclohexane. According to the previously described method:t190] a mixture of 
bromocyclohexane (5.0 g, 31 mmol), NaN3 (2.2 g, 34 mmol), MeOH (4 mL) and water 
(8 mL) was stirred at 90 °C for 16 h in a closed system before it was cooled down to 
room temperature. The crude product was extracted with C H 2CI2 and the organic layer 
was washed with water and dried over Na2SO4. After filtration, the solvent was 
evaporated (150 mbar, 40 °C) and the residue was purified by column chromatography on silica 
gel using pentane to afford the pure product (0.76 g, 20%) as a colourless liquid. 1H NMR 
(200 MHz, CDCl3, ppm) $ 3.49-3.22 (m, 1H, CH), 2.04-1.08 (m, 10H, C H 2). 13C NMR 
(50 MHz, CDCl3, ppm) $ 59.8, 31.6, 25.2, 24.2. IR (neat, cm-1) ymax 2935, 2859, 2093 (N3), 
1453, 1254, 907, 731. GCMS m /z (%) 83 ( M  -  N 3], 36), 55 (89), 41 (100).
4,4'-(1,4-Phenylene)bis(2-methylbut-3-yn-2-ol) (194). See General procedure 2.1 (p 50):
1,4-diiodobenzene (0.50 g, 1.5 mmol), Pd(PPh3)4 (88 mg, 76 ^mol), Cul 
(15 mg, 76 ^mol), Et3N /T H F (30 mL, 2/1), 2-methylbut-3-yn-2-ol 
(0.44 mL, 4.6 mmol), 60 °C, 20 h. Column chromatography on silica gel 
using pentane/ethyl acetate (4/1 to 1/1) afforded the pure product (0.36 g, 
97%) as a white solid. 1H NMR (300 MHz, C D Q 3, ppm) $ 7.34 (s, 4H, 
CArH), 2.05 (s, 2H, OH), 1.61 (s, 12H, C H ).  13C NMR (75 MHz, CDCI3, 
ppm) $ 131.5 (CH), 122.6, 95.4, 81.7, 65.6, 31.4 (CH3). IR (neat, cm-1) imax 3350 (O -H ), 2980, 
2920, 2855, 2146 (C=C), 1519, 1506, 1463, 1377, 1359, 1273, 1185, 1161, 962, 907, 836, 612.
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GCMS m /z (%) 242 ([M+^], 36), 227 (100), 206 (40). HRMS (EI) m /z calcd for C 16H 18O2 
242.1307, found 242.1307 (|A| = 0.1 ppm).
1,4-Diethynylbenzene (177). This compound is commercially available. A mixture of 194 
(0.35 g, 1.4 mmol), NaOH (0.58 g, 14 mmol) and toluene (30 mL) was stirred at
ppm) § 132.0 (CH), 122.5, 83.0, 79.0 (CH). IR (neat, cm-1) ÿmax 3300 (C C -H ), 2103 (C=C), 
1919,1795, 1496, 1257, 837, 708, 676, 636, 546, 496. The NMR and IR spectroscopic data are in 
agreement with those obtained for the commercial sample.
4,4'-(9,9-Didodecyl-9-ff-fluorene-2,7-diyl)bis(2-methylbut-3-yn-2-ol) (195). See Gen-
product (0.88 g, 87% yield) as a yellowish solid. 1H NMR (300 MHz, C D Q 3, ppm) $ 7.59 (dd, J  
= 7.8, 0.7 Hz, 2H, C aH ), 7.39 (dd, J  = 7.8, 1.5 Hz, 2H, C aH ), 7.37 (dd, J  = 1.4, 0.7 Hz, 2H, 
C aH ), 2.11 (s, 2H, OH), 1.96-1.88 (m, 4H, C C H 2), 1.66 (s, 12H, CCH 3), 1.34-0.96 (m, 36H, 
C H 2), 0.90-0.82 (m, 6H, C H 2C H 3), 0.60-0.48 (m, 4H, C H 2). 13C NMR (75 MHz, C D O 3, 
ppm) $ (1C overlapped) 150.9, 140.6, 130.7 (CH), 126.0 (CH), 121.4, 119.8 (CH), 93.9, 83.0,
65.7, 55.1, 40.3 (CH2), 31.9 (CH2), 31.5 (CH3), 30.0 (CH2), 29.58 (CH2), 29.56 (CH2), 29.5 
(CH2), 29.31 (CH2), 29.28 (CH2), 23.7 (CH2), 22.6 (CH2), 14.1 (CH3). IR (neat, cm-1) Vm*x 
3330 (O -H ), 2980, 2920, 2850, 2228 (C=C), 1887, 1774, 1463, 1416, 1377, 1364, 1277, 1169, 
966, 923, 888 , 824, 724, 560. MALDI-ToF MS m /z calcd for C47H 70O 2 666.54, found 666.25.
9,9-Didodecyl-2,7-diethynyl-9-ff-fluorene (179). A mixture of 195 (0.83 g, 1.2 mmol), 
NaOH (0.50 g, 12 mmol) and toluene (50 mL) was refluxed for 40 h before
2H, C aH ), 3.15 (s, 2H, CCH), 1.98-1.88 (m, 4H, C C H 2), 1.34-0.96 (m, 36H, C H 2), 
0.91-0.82 (m, 6H, CH 3), 0.62-0.48 (m, 4H, CHz). 13C NMR (75 MHz, CDCI3, ppm) § 
(1C overlapped) 151.0, 141.0, 131.2 (CH), 126.5 (CH), 120.8, 119.9 (CH), 84.5, 77.3 (CH),
55.2, 40.2 (CH2), 31.9 (CH2), 30.0 (CH2), 29.59 (CH2), 29.58 (CH2), 29.5 (CH2), 29.3 (CH2),
2850, 2106 (C=C), 1464, 889, 821, 611. MALDI-ToF MS m /z  calcd for C41H 58 550.45, found 
550.47.
reflux for 17 h before the solvent was evaporated and the residue was purified by 
column chromatography on silica gel using pentane/ethyl acetate (95/5) to afford 
the pure product (79 mg, 44%) as a white solid. 1H NMR (300 MHz, C D O 3, 
ppm) $ 7.44 (s, 4H, CArH), 3.17 (s, 2H, CCH). 13C NMR (75 MHz, C D O 3,
eral procedure 2.1 (p 50): 2,7-dibromo-9,9-didodecyl-9H-fluorene 
(1.0 g, 1.5 mmol), Pd(PPh3)4 (88 mg, 76 ^mol), CuI (15 mg, 
76 ^mol), Et3N /T H F (30 mL, 2/1), 2-methylbut-3-yn-2-ol 
(0.44 mL, 4.5 mmol), 60 °C, 20 h. Column chromatography on 
silica gel using pentane/ethyl acetate (4/1) afforded the pure
the solvent was evaporated. Column chromatography on silica gel using 
pentane/ethyl acetate (95/5) afforded the pure product (0.64 g, 94%) as a 
yellow oil. 1H NMR (300 MHz, C D O 3, ppm) $ 7.64 (dd, J  = 7.8, 0.6 Hz, 
2H, CArH), 7.48 (dd, J  = 7.8, 1.5 Hz, 2H, C ^H ), 7.46 (dd, J  = 1.5, 0.6 Hz,
29.2 (CH2), 23.7 (CH2), 22.7 (CH2), 14.1 (CH3). IR (neat, cm-1) ¿max 3309 (C C -H ), 2924,
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1.4-Diazidobenzene (186). A mixture of benzene-1,4-diamine (5.0 g, 49 mmol) and TFA 
(120 mL) was cooled down to -2 0  °C and NaNO2 (10 g, 0.15 mol) was slowly 
added to the stirred solution. During the addition, the temperature was kept below 
_ 5 °C. After 1 h, NaN3 (9.6 g, 0.15 mol) was slowly added to the solution and the 
mixture was stirred at -5  °C for an additional 1 h before it was diluted with water. 
The crude product was extracted with C H 2O 2 and the combined organic layers
were washed with aq. N H 4O  (1M) and dried over Na2SO4. After filtration, the solvent was 
evaporated and the residue was purified by column chromatography on silica gel using pentane/ 
C H 2Q 2 (9/1) to afford the pure product (1.8 g, 23%) as a yellow crystalline solid. The product is 
light- and heat-sensitive, and was stored at -2 0  °C. :H NMR (300 MHz, C D Q 3, ppm) S 7.01 (s, 
4H, C aH ). 13C NMR (75 MHz, C D O 3, ppm) S 136.7, 120.3 (CH). IR (neat, cm-1) ¿ w  2140 
(N3), 2100 (N3), 2071 (N3), 1500, 1295, 1275, 1143, 829, 778, 582, 530. GCMS m/z (%) 160 
([M+^], 24), 132 (38), 104 (72), 77 (100), 52 (98). HRMS (EI) m /z calcd for C6H 4N  160.0498, 
found 160.0494 (|A| = 2.2 ppm).
Cyclohexane-1,4-diyl bis(4-methylbenzenesulfonate) (cis-196/trans-196 (1/1)). A
solution of tosyl chloride (7.2 g, 38 mmol) in C H 2Q 2 (30 mL) was slowly added 
to a cooled solution (0 °C) of cyclohexane-l,4-diol (2.0 g, 17 mmol) in a mixture 
of C H 2CI2 and Et^N (80 mL, 7/1) with stirring and the resulting mixture was 
kept at 0 °C overnight before the solvents were evaporated. The residue was 
purified by column chromatography on silica gel using pentane/CH2Cl2 (2 / 1) to 
remove the excess of tosyl chloride and C H 2O 2 to afford the pure product (3.0 g, 40%) as a white 
solid in a 1/1 mixture of the cis- and trans-isomers.
Mixture (1/1) o f  cis-196 and trans-196. 1H NMR (300 MHz, CDCl3, ppm) S 7.79-7.72 
(m, 8H, AA' of AA'BB'), 7.35-7.28 (m, 8 H, BB' of AA'BB'), 4.65-4.46 (m, 4H, CH), 2.44 
(s, 12H, C H 3), 1.94-1.74 (m, 16H, CHH), 1.69-1.52 (m, 16H, CHH). 13C NMR 
(75 MHz, CDCl3, ppm) S (1C overlapped) 144.7, 144.6, 134.3, 134.1, 129.80, 129.78, 
127.5, 127.4, 78.1, 77.7, 27.8, 26.6, 21.5. IR (neat, cm-1) ¿ w  3066, 3032, 2953, 2921, 2871, 
1598, 1446, 1356, 1188, 1175, 1094, 908, 876, 859, 814, 786, 683, 669, 571, 556. HRMS 
(ESI) m /z calcd for C20H 24O 6S2 + Na+ 447.09120, found 447.08924 (|A| = 4.38 ppm).
1.4-Diazidocyclohexane (cis-187/trans-187 (1/1)). A mixture of 196 (2.0 g, 4.7 mmol), 
NaN3 (0.76 g, 12 mmol) and MeOH (50 mL) was heated to reflux for 48 h before 
the solvent was evaporated and the residue was dried under the vacuum. After the 
addition of CHCI3, the white precipitate was filtered off and washed with CHCI3. 
The organic fractions were combined and after evaporation of the solvent, the 
residue was purified by column chromatography on silica gel using pentane/CH2Cl2
(3/1, 3/4 and 1/1) to afford the pure product (0.30 g, 40%) as a colourless oil in a 1/1 mixture of 
the cis- and trans-isomer.
Mixture (1/1) o f cis-187 and trans-187. 1H NMR (400 MHz, CDCl3, ppm) S 3.57-3.45 
(m, 2H, CH), 3.44-3.30 (m, 2H, CH), 2.08-1.91 (m, 4H, CHH), 1.82-1.60 (m, 8H, 
CHH), 1.49-1.33 (m, 4H, CHH). 13C NMR (75 MHz, C D O 3, ppm) S 58.2, 57.3, 28.6,
27.1. IR (neat, cm-1) ¿max 2937, 2901, 2863, 2088 (N3), 1445, 1369, 1253, 1015, 913. 
GCMS m/z (%) 82 ([M+- -  Ng], 26), 68 (40), 54 (98), 41 (100).
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5-Bromo-2-((trimethylsilyl)ethynyl)pyridine (183). See General procedure 2.1 (p 50): 182 
(2.0 g, 8.4 mmol), Pd(PPh3)4 (97 mg, 84 ^mol), CuI (16 mg, 84 ^mol), Et3N / 
THF (40 mL, 2/1), (trimethylsilyl)acetylene (1.1 mL, 7.9 mmol), room 
temperature, 2.5 h. After the precipitate was filtered off and washed with THF, 
the solvent was evaporated and the residue containing the product was dried 
under vacuum. Column chromatography on silica gel using pentane/ethyl acetate 
(4/1) and crystallisation from M eO H /H 2O, using a successive decrease of the M eO H /H 2O ratio, 
afforded the pure product (1.5 g, 71%) as a white crystalline solid. 1H NMR (300 MHz, CDCl3, 
ppm) S 8.62 (dd, J  = 2.4, 0.6 Hz, 1H, C aH ), 7.76 (dd, J  = 8.4, 2.4 Hz, 1H, C aH ), 7.33 (dd, J  =
8.4, 0.8 Hz, 1H, C aH ), 0.26 (s, 9H, CH 3). 13C NMR (75 MHz, C D Q 3, ppm) S 151.1 (CH),
141.4, 138.7 (CH), 128.2 (CH), 120.3, 102.6, 96.4, -0 .4  (CH3). IR (neat, cm-1) ¿ w  3031, 2957, 
2897, 2165 (C=C), 1562, 1542, 1448, 1248, 1092, 1002, 869, 842, 759, 680. GCMS m /z (%) 
255 ([M+^ + 2], 35), 253 ([M+-], 34), 240 (98), 238 (100). HRMS (EI) m /z calcd for 
C 1oH12BrNSi 252.9922, found 252.9923 (|A| = 0.3 ppm). The 1H NMR spectroscopic and 
GCMS data are in agreement with those previously described.!191
5-((Triisopropylsilyl)ethynyl)-2-((mmethylsilyl)ethynyl)pyridine (184). See General 
procedure 2.1 (p 50): 183 (3.1 g, 12 mmol), Pd(PPh3)4 (0.28 g,
0.24 mmol), CuI (93 mg, 0.49 mmol), E tjN /TH F (30 mL, 2/1), 
(triisopropylsilyl)acetylene (3.0 mL, 13 mmol), 60 °C, 22 h. Column 
chromatography on silica gel using pentane/ethyl acetate (99/1) afforded 
the pure product (3.9 g, 90%) as a yellow oil. 1H NMR (300 MHz, CDCl3, 
ppm) £8.61 (dd,ƒ  = 2.1, 0.8 Hz, 1H, C aH ), 7.68 (d d ,/= 8.1, 2.1 Hz, 1H, 
C aH ), 7.38 (dd, J  = 8.1, 0.9 Hz, 1H, CaH ), 1.16-1.09 (m, 21H, 
CH (CH 3)2), 0.27 (s, 9H, SiCH3). 13C NMR (75 MHz, C D O 3, ppm) S 152.6 (CH), 141.5, 138.8 
(CH), 126.4 (CH), 119.8, 103.4, 103.1, 96.9, 96.8,18.6 (CH), 11.2 (CH3), -0 .4  (CH3). IR(neat, 
cm-1) ¿max 2959, 2942, 2891, 2865, 2159 (C=C), 1462, 1247, 869, 842. GCMS m /z (%) 312 
( M  -  C3H 7], 100), 270 (46). HRMS (EI) m /z calcd for C21H 33NSi2 355.2152, found 
355.2157 (|A| = 1.5 ppm).
2-Ethynyl-5-((triisopropylsilyl)ethynyl)pyridine (185). A mixture of 184 (0.92 g,
2.6 mmol), K2C O 3 (1.8 g, 13 mmol), TH F (35 mL) and MeOH (35 mL) was 
stirred at room temperature for 16 h before the K2C O 3 was filtered off and 
washed with C H 2O 2. After the solvents were evaporated, the crude product 
was purified by column chromatography on silica gel using pentane/ethyl 
acetate (99/1) to afford the pure product (0.58 g, 80%) as a yellowish oil. 
1H NMR (400 MHz, C D Q 3, ppm) S 8.59 (dd, J  = 2.1, 0.8 Hz, 1H, C aH ), 
7.65 (dd, J =  8.2, 2.1 Hz, 1H, CaH ), 7.35 (dd, J  = 8.0, 0.8 Hz, 1H, CaH ), 3.21 (s, 1H, CCH), 
1.15-1.00 (m, 21H, CH (CH 3)2). 13C NMR (75 MHz, C D Q 3, ppm) S 152.6 (CH), 140.7, 138.7 
(CH), 126.4 (CH), 120.1, 102.9, 97.0, 82.4, 78.7 (CH), 18.4 (CH), 11.0 (CH3). IR (neat, cm-1) 
¿max 3303 (C C -H ), 2942, 2890, 2862, 2155 (C=C), 2110 (C=CH), 1540, 1465, 1361, 1229, 
1018, 996, 882, 843, 744. GCMS m /z (%) 240 ([M+- -  C3H 7], 100), 212 (46), 198 (50), 184 
(73), 170 (66 ). HRMS (EI) m /z calcd for C ^ s N S i  283.1756, found 283.1756 (|A| = 0.1 ppm).
6.5.2 Synthesis o f the monomeric building blocks
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2-(1-(4-Azidophenyl)-1-ff-1,2,3-triazol-4-yl)-5-((triisopropylsilyl)ethynyl)pyridme 
(175). A solution of 185 (0.10 g, 0.36 mmol), CuI (34 mg, 
0.18 mmol) and PMDTA (37 mg, 0.21 mmol) in THF (80 mL) was 
added dropwise over 3 h to a solution of 186 (0.57 g, 3.6 mmol) in 
THF (20 mL). The mixture was stirred for an additional 12 h under 
an argon atmosphere before the solvent was evaporated. C H 2Cl2 was 
added and the mixture was washed with aq. N H 4O  (1M) and dried over Na2SO4. After filtration, 
the solvent was evaporated and the crude product was purified by column chromatography on 
silica gel using pentane/CH2Cl2 (1/1) to afford the unreacted 186 and C H 2Cl2/ethyl acetate 
(99.5/0.5 to 97/3) to afford the pure product (0.14 g, 85%) as a yellowish solid. 1H NMR 
(400 MHz, CDCl3, ppm) S 8.67 (dd, J  = 2.0, 0.6 Hz, 1H, C aH ), 8.56 (s, 1H, C aH ), 8.19 
(dd, ƒ  = 8.2, 0.6 Hz, 1H, C aH ), 7.87 (dd, J  = 8.2, 2.1 Hz, 1H, C aH ), 7.83-7.78 (m, 2H, AA' of 
AA'XX'), 7.23-7.18 (m, 2H, XX' of AA'XX'), 1.18-1.12 (m, 21H, CH (CH 3)i). 13C NMR 
(75 MHz, CDCl3, ppm) S 152.5 (CH), 148.7, 148.5, 140.9, 139.8 (CH), 133.7, 122.0 (CH),
120.3 (CH), 120.2 (CH), 119.9, 119.5 (CH), 103.5, 95.6, 18.6 (CH), 11.3 (CH3). IR (neat, 
cm-1) ¿max 3054, 2958, 2940, 2921, 2865, 2158 (C=C), 2130 (N3), 2093 (N3), 1598, 1516, 1471, 
1364, 1285, 1235, 1197, 1031, 1020, 991, 886 , 849, 833, 802, 674, 609. HRMS (ESI) m /z  calcd 
for C24H 29N 7Si + H+ 444.23319, found 444.23207 (|A| = 2.54 ppm).
2-(1-(4-Azidophenyl)-1_ff-1,2,3-triazol-4-yl)-5-ethynylpyridme (163). A mixture of 175 
(0.23 g, 0.51 mmol), TBAF (0.25 mL, 1M in THF) and THF (30 mL) 
was stirred at room temperature in the dark for 24 h before the solvent 
was evaporated. The residue was purified by column chromatography on 
silica gel using pentane/ethyl acetate (5/1 and 3/2) to afford the pure 
product (90 mg, 62%) as a yellowish solid. 1H NMR (400 MHz, C D O 3, 
ppm) S 8.70 (dd, J  = 2.1, 0.8 Hz, 1H, C aH ), 8.56 (s, 1H, C aH ), 8.21 (dd, J =  8.2, 0.9 Hz, 1H, 
C aH ), 7.89 (dd, J =  8.2, 2.1 Hz, 1H, C aH ), 7.83-7.77 (m, 2H, AA' of AA'XX ), 7.23-7.17 (m, 
2H, XX' of AA'XX ), 3.28 (s, 1H, CCH). 13C NMR (50 MHz, CDCl3, ppm) S 152.6, 149.1,
148.5, 140.9, 140.1, 133.6, 121.9, 120.28, 120.25, 119.6, 118.5, 81.1, 80.4. IR (neat, cm-1) ¿max 
3290 (C C -H ), 2132 (N3), 2096 (N3), 1597, 1507, 1474, 1367, 1304, 1290, 1240, 1190, 1131, 
1100,1032, 990, 909, 848, 829, 803, 736, 656, 593, 533, 515, 493, 462. The molecular peak could 
not be detected by any of the available MS techniques (EI, ESI, GC, MALDI-ToF).
2-(1-(4-Azidocyclohexyl)-1.ff-1,2,3-triazol-4-yl)-5-((triisopropylsilyl)ethynyl)pyridme 
(trans-176/cis-176 (3/2)). See General procedure 2.2 (p 50): 185
(45 mg, 0.16 mmol), 187 (0.15 g, 0.90 mmol), CuI (6  mg, 
0-03 mmol), TH F (13 mL), PMDTA (7 mg, 0.04 mmol), room 
temperature, 20 h. Column chromatography on silica gel using 
C H 2Cl2/ethyl acetate (99/1 to 4/1) afforded the pure product 
(55 mg, 77%) as a white solid in a 3/2 mixture of the trans- and as-isomers (1H NMR spec­
troscopy).
Major isomer trans-176. (Measured from a 3/2 mixture of trans-176 and as-176) 1H NMR
(400 MHz, CDCl3, ppm) S 8.65-8.59 (m, 1H, C aH ), 8.15 (s, 1H, C aH ), 8.11 (dd, J  = 8.3,
0.5 Hz, 1H, C aH ), 7.82 (dd, J =  8.2, 2.1 Hz, 1H, C aH ), 4.51 (tt, J  = 11.6, 4.1 Hz, 1H,
160
NCH), 3.45 ( tt,J=  11.2, 4.1 Hz, 1H, NCH), 2.41-2.32 (m, 2H, CHH), 2.25-2.17 (m, 2H, 
CHH), 1.95 (dddd,J  = 13.5, 13.5, 11.6, 4.0 Hz, 2H, CHH), 1.59 (dddd,J  = 13.7, 13.0, 11.3, 
3.9 Hz, 2H, CHH), 1.20-1.05 (m, 21H, CH (CH 3)2).
Minor isomer cis-176. (Measured from a 3/2 mixture of trans-176 and as-176) 1H NMR 
(400 MHz, CDCl3, ppm) S 8.65-8.59 (m, 1H, C aH ), 8.20 (s, 1H, C aH ), 8.10 (dd, J  = 8.1, 
0.5 Hz, 1H, C aH ), 7.82 (dd, J =  8.2, 2.1 Hz, 1H, C aH ), 4.56 (tt, J  = 10.8, 4.4 Hz, 1H, 
NCH), 3.93 (tt, J  = 3.4, 3.2 Hz, 1H, NCH), 2.20-1.98 (m, 6H, CHH), 1.78 (dddd, J  = 
12.4, 7.1, 4.3, 3.1 Hz, 2H, CHH), 1.20-1.05 (m, 21H, C H ^C H ^).
Mixture (3/2) o f  trans-176 and cis-176. 13C NMR (75 MHz, CDCl3, ppm) S (3C 
overlapped) 152.3, 149.0, 148.9, 147.7, 147.6, 139.8, 139.7, 120.3, 120.1, 119.5, 119.4, 
119.22, 119.18, 103.6, 103.5, 95.24, 95.15, 58.62, 58.59, 58.3, 56.0, 31.1, 30.1, 28.5, 27.7,
18.6, 11.2. IR (neat, cm-1) ¿max 2941, 2864, 2156 (C=C), 2094 (N3), 1594, 1470, 1361, 
1255, 1227, 881, 835, 696, 676. HRMS (ESI) m /z  calcd for C24^ N 7Si + H+ 450.28014, 
found 450.27821 (|A| = 4.30 ppm).
6.5.3 Synthesis o f  the blocking group
1-Azido-3,5-di-tert-butylbenzene (192). NaNO2 (0.32 g, 4.6 mmol) was added (in small 
portions over 15 min) to a cooled solution (-10  °C) of 3,5-di-tert-butylaniline 
■bu^^n3 (0.50 g, 2.4 mmol) in TFA (20 mL) and the reaction mixture was stirred for 30 min 
K J  at -1 0  °C. NaN3 (0.33 g, 5.1 mmol) was then added in small portions over 5 min 
Bu and the reaction mixture was stirred for an additional 2 h at -1 0  °C. After the 
addition of a mixture of ice and water, the reaction mixture was extracted with 
C H 2Cl2. The combined organic extracts were washed with aq. Na2C O 3 (10%) and dried over 
Na2SO4. After filtration, the solvent was evaporated and the crude product was purified by column 
chromatography on silica gel using pentane to afford the pure product (0.23 g, 41%) as a white 
solid. 1H NMR (300 MHz, C D Q 3, ppm) S 7.20 (t, J =  1.7 Hz, 1H, C aH ), 6.86 (d, J  = 1.7 Hz, 
2H, C aH ), 1.32 (s, 18H, CH 3). 13C NMR (75 MHz, CDCl3, ppm) S 152.7, 139.1, 119.3, 114.3, 
35.0, 31.3. IR (neat, cm-1) ¿max 2962, 2098 (N3), 1601, 1308, 703. GCMS m /z  (%) 203 ( M  -  
N 2], 48), 188 (100). HRMS (EI) m /z  calcd for C 14H 21N 3 231.1735, found 231.1727 (|A| =
3.7 ppm).
4,4' -(5-Bromo-1,3-phenylene)bis(2-methylbut-3-yn-2-ol) (189). See General procedure
2.1 (p 50): 188 (5.0 g, 16 mmol), CuI (1 mg, 6 ^mol), Pd(PPh3)4 (7 mg, 
6 ^mol), Et3N /T H F (80 mL, 1/1), 2-methylbut-3-yn-2-ol (5.3 g, 63 mmol), 
70 °C, 15 h. Column chromatography on silica gel using heptane/ethyl 
acetate (3/1 and 1/1) afforded the pure product (2.1 g, 41%) as a white solid.
OH OH !H NMR (300 MHz, CDCI3, ppm) £7.47 (d, ƒ  = 1.4 Hz, 2H, CaH ),  7.38
(t, J  = 1.4 Hz, 1H, C aH ), 2.21 (s, 2H, OH), 1.59 (s, 12H, C H 3). 13C NMR 
(75 MHz, CDCl3, ppm) S 134.0, 133.3, 124.7, 121.7, 95.6, 79.9, 65.5, 31.3. IR (neat, cm-1) ¿max 
3329 (O -H ), 2978, 2932, 2866, 2247 (C=C), 1584, 1552, 1424, 1363, 1241, 1164, 1147, 961, 
945, 908, 863, 823, 731, 677, 566, 537. GCMS m /z (%) 322 ([M+- + 2], 12), 320 ([M+^], 12), 
307 (48), 305 (54), 289 (98), 287 (100). HRMS (EI) m /z  calcd for C16H17BrO2 320.0412, found 
320.0411 (|A| = 0.3 ppm).
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4.4 ' -(5-((Triisopropylsilyl)ethynyl)-1,3-phenylene)bis(2-methylbut-3-yn-2-ol) (190).
See General procedure 2.1 (p 50): 189 (0.64 g, 2.0 mmol), CuI (15 mg, 
80 pnol), Pd(PPhj)4 (59 mg, 50 pnol), E tjN /TH F (10 mL, 1/1), 
(triisopropylsilyl)acetylene (0.44 g, 2.4 mmol), 55 °C, 15 h. Column 
chromatography on silica gel using pentane/ethyl acetate (3/1) afforded the 
pure product (0.71 g, 85%) as a yellow solid. 1H NMR (300 MHz, CDCl3, 
ppm) S 7.44 (d, J =  1.6 Hz, 2H, C aH ), 7.40 (t, J =  1.6 Hz, 1H, C aH ), 1.95 
(s, 2H, OH), 1.60 (s, 12H, CCHi), 1.12-1.10 (m, 21H, C H (C H )2). 
13C NMR (75 MHz, C D C k  ppm) S 134.6, 134.3, 124.1, 123.2, 105.1, 94.8,
92.2, 80.6, 65.6, 31.4, 18.6, 11.2. IR (neat, cm-1) ¿max 3334 (O -H ), 2941, 2863, 2358, 2145 
(C=C), 1580, 1411, 1238, 1164, 949, 879, 677. GCMS m /z (%) 379 ([M+- -  C3H 7], 100), 351 
(26), 337 (32), 309 (40). HRMS (EI) m /z  calcd for C27^ s O 2Si -  C3H 7 379.2093, found 
379.2101 (|A| = 2.0 ppm).
((3,5 -Diethynylphenyl)ethynyl)triisopropylsilane (191). A mixture of 190 (0.69 g, 
1.6 mmol), NaOH (0.66 g, 16 mmol) and toluene (50 mL) was heated to reflux 
overnight before water was added. The aqueous layer was extracted with C H 2O 2 
and the combined organic layers (toluene and C H 2Cl2) were dried over Na2SO4. 
After filtration, the solvents were evaporated and the residue was purified by 
column chromatography on silica gel using heptane to afford the pure product 
(0.48 g, 96%) as a yellow oil. !H NMR (300 MHz, CDCI3, ppm) 8 7.55 (d, /  = 
1.5 Hz, 2H, C aH ), 7.53 (t, J  = 1.5 Hz, 1H, C aH ), 3.10 (s, 2H, CCH), 1.12-1.10 
(m, 21H, CH (CH 3)2). 13C NMR (75 MHz, CDCl3, ppm) S 135.6, 135.1, 124.3, 122.7, 104.8,
92.7, 81.8, 78.4, 18.6, 11.2. IR (neat, cm-1) ¿max 3300 (C C -H ), 2957, 2941, 2923, 2889, 2862, 
2158 (C=C), 2121 (C=CH), 1780, 1580, 1459, 1414, 1384, 1364, 1294, 1237, 1072, 997, 966, 
883, 677, 654, 627. GCMS m /z  (%) 263 ( M  -  C3H 7], 100), 235 (40), 221 (52), 207 (58), 193 
(68). HRMS (EI) m /z calcd for C21H 26Si 306.1804, found 306.1804 (|A| = 0.1 ppm).
4.4  ' -(5-((Triisopropylsilyl)ethynyl)-1,3-phenylene)bis(1-(3,5-di-tert-butylphen-
yl)-1.ff-1,2,3-triazole) (193). See General procedure 2.2 (p 50):
191 (0.13 g, 0.42 mmol), 192 (0.23 g, 0.99 mmol), CuI (20 mg, 
0.10 mmol), THF (10 mL), PMDTA (18 mg, 0.10 mmol), 40 °C, 
18 h. Column chromatography on silica gel using pentane/ethyl 
acetate (95/5) afforded the pure product (0.31 g, 95%) as a white 
solid. 1H NMR (300 MHz, C D O 3, ppm) S 8.46 (t, J  = 1.6 Hz, 
1H, CmH), 8.35 (s, 2H, C aH ), 8.06 (d, / =  1.7 Hz, 2H, CatH ), 
7.61 (d, J  = 1.7 Hz, 4H, C aH ), 7.54 (t, J  = 1.7 Hz, 2H, C aH ), 
1.41 (s, 36H, C C H 3), 1.19-1.16 (m, 21H, CH(CHs)2). 13C NMR (75 MHz, C D Q 3, ppm) S
152.9, 147.1, 136.7, 131.2, 128.9, 124.9, 123.2, 122.9, 118.7, 115.4, 106.3, 91.7, 35.2, 31.4, 18.7,
11.3. IR (neat, cm-1) ¿max 2963, 2863, 2155 (C=C), 1593, 1459, 1247, 1040, 879, 672. HRMS 
(ESI) m /z  calcd for C49H 68N 6Si + H+ 769.53530, found 569.53901 (|A| = 4.83 ppm).
162
4.4 ' -(5-Ethynyl-1,3-phenylene)bis(1-(3,5-di-teri-butylphenyl)-1H-1,2,3-triazole) (181).
A mixture of 193 (0.13 g, 0.12 mmol), TBAF (12 ^L, 1M in 
THF), TH F (25 mL) and water (5 drops) was stirred at room 
temperature for 2.5 h before the solvent was evaporated. 
Precipitation of the residue from C H 2Cl2 with MeOH afforded 
the pure product (0.10 g, 93%) as a yellowish solid. 1H NMR 
(300 MHz, CDCl3, ppm) S 8.51 (t, J  = 1.6 Hz, 1H, C aH ), 8.34 
(s, 2H, C aH ), 8.08 (d, J  = 1.7 Hz, 2H, C aH ), 7.61 (d, J  = 1.7 Hz, 4H, C aH ), 7.54 (t, J  =
1.7 Hz, 2H, C aH ), 3.17 (s, 1H, CCH), 1.41 (s, 36H, CHs). 13C NMR (75 MHz, CDCb, ppm) S
152.9, 146.9, 136.7, 131.4, 128.9, 123.5, 123.3, 123.2, 118.7, 115.4, 83.0, 78.0, 35.2, 31.4. IR 
(neat, cm-1) ¿max 3301 (C C -H ), 2962, 2905, 2868, 2108 (C=C), 1593, 1481, 1456, 1363, 1247, 
1231, 1056, 1037, 879, 851, 789, 705, 617. HRMS (ESI) m /z  calcd for C40H 48N  + H+ 
613.40187, found 613.39996 (|A| = 3.11 ppm).
6.5.4 Synthesis o f  the triazole-pyridine-derived ligands
1.4-Bis(4-(5-((triisopropylsilyl)ethynyl)pyridin-2-yl)-1H-1,2,3-triazol-1-yl)benzene
(165a). See General procedure 2.2 (p 50): 185 
(0.11 g, 0.40 mmol), 186 (32 mg, 0.20 mmol), CuI 
(15 mg, 80 ^mol), THF (20 mL), PMDTA (21 mg, 
0.12 mmol), room temperature, 14 h. Column chro­
matography on silica gel using C H 2Cl2/ethyl acetate
(97/3) afforded the pure product (0.13 g, 92%) as a yellowish solid. 1H NMR (400 MHz, 
CDCl3, ppm) S 8.69 (dd, J  = 2.1, 0.8 Hz, 2H, C aH ), 8.68 (s, 2H, C aH ), 8.20 (dd, J  = 8.2, 
0.8 Hz, 2H, C aH ), 8.04 (s, 4H, C aH ), 7.88 (dd, J =  8.2, 2.1 Hz, 2H, C aH ), 1.18-1.12 (m, 
42H, CH (CH 3)2). 13C NMR (75 MHz, C D C k  ppm) S 152.5, 148.9, 148.2, 139.8, 136.8,121.6,
120.1, 120.0, 119.5, 103.5, 95.7, 18.6, 11.2. IR (neat, cm-1) ¿max 3127, 3045, 2941, 2888, 2863, 
2154 (C=C), 1592, 1523, 1473, 1406, 1363, 1255, 1236, 1025, 990, 881, 836, 699, 673. HRMS 
(ESI) m /z  calcd for C42Hs4N8Si2 + H+ 727.40882, found 727.40675 (|A| = 2.85 ppm).
1.4-Bis(1-(4-(4-(5-((triisopropylsilyl)ethynyl)pyridin-2-yl)-1H-1,2,3-triazol-1-yl)-
phenyl)-1H-1,2,3-triazol-4-yl)- 
benzene (166a). See General 
procedure 2.2 (p 50): 175 
(0.17 g, 0.38 mmol), 177 (24 mg, 
0.19 m mo l ) ,  Cu I  (7 mg,  
0.04 mmol) ,  T H F  (8  mL),
PMDTA (8 mg, 0.05 mmol), 40 °C, 46 h. After extraction with C H O 3, the organic layers were 
combined and washed several times with demineralised water. Due to the low solubility of the 
product, no further purification and characterisation could be carried out and the crude product 
(0.19 g, 98%), obtained after evaporation of the solvent as a yellowish solid, was used in further 
experiments. ESIMS analysis of a mixture, obtained after the reaction of a small fraction of the 
crude product with an excess of (C*N)2Ir(^-Cl)2Ir(C*N)2 (see General procedure 6.1 (p 167)), 
showed that the crude product also contained monoclicked product and unreacted 175.
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6,6 ' -(1,1' -(4,4 '-(4,4 ' -(2,5-Bis(dodecyloxy)-1,4-phenylene)bis(1_ff-1,2,3-triazole-4,1-
diyl))bis(4,1-phenylene))bis- 
(1_ff-1,2,3-triazole-4,1-diyl))- 
bis(3-((triisopropylsilyl)ethy- 
nyl)p yrid in e) (167a). See 
General procedure 2.2 (p 50): 
175 (80 mg, 0.18 mmol), 178 
(43 mg, 86  ^mol), CuI (3 mg, 
0.02 mmol), TH F (10 mL), PMDTA (3 mg, 0.02 mmol), 40 °C, 17 h. Size-exclusion chroma­
tography using C H iC li and subsequent crystallisation from C H iCli/M eO H  afforded the pure 
product (55 mg, 47%) as a white crystalline solid. !H NMR (400 MHz, CDCl3, ppm) $ 8.69 (dd, 
J  = 2 .1, 0.7 Hz, 2H, C aH ), 8.61 (s, 2H, C aH ), 8.55 (s, 2H, C aH ), 8.17 (dd, J  = 8 .2 , 0.7 Hz, 2H, 
C aH ), 8.06 (s, 2H, C aH ), 8.01-7.91 (m, 8H, AA'BB'), 7.85 (dd, J  = 8 .2 , 2.1 Hz, 2 H, C aH ),
4.26 (t, J =  6.6 Hz, 4H, OCHi), 1.99 (tt, J  = 6 .8 , 6.6 Hz, 4H, CHi), 1.64-1.54 (m, 4H, CHi) 
1.50-1.40 (m, 4H, CHi), 1.41-1.20 (m, 28H, CHi), 1.19-1.08 (m, 42H, CH (CH 3)i), 0.87­
0.82 (m, 6H, C H iC H 3). 13C NMR (75 MHz, CDCl3, ppm) $ 152.5, 149.6, 148.9, 148.3, 144.1, 
139.8, 137.0, 136.4, 121.4, 121.2, 120.7, 119.97, 119.96, 119.5, 118.9, 110.7, 103.5, 95.7, 69.0,
31.9, 29.8, 29.72, 29.69, 29.66, 29.63, 29.60, 29.4, 26.5, 22.7,18.6, 14.1, 11.3. IR (neat, cm-1) ¿ w  
2923, 2864, 2155 (C=C), 1736, 1594, 1525, 1237, 1023, 826, 700. MALDI-ToF MS (dithranol) 
m /z  calcd for C 8iH iiiN i4OiSii + H+ 1381.86, found 1381.68.
6,6'-(1,1'-(4,4'-(4,4'-(9,9-Didodecyl-9-ff-fluorene-2,7-diyl)bis(1.ff-1,2,3-triazole-4,1-
diyl))bis(4,1-phenylene))- 
bis(1_ff-1,2,3-triazole-4,1- 
d iy l))b is (3 -((tr iiso p ro -  
pylsilyl)ethynyl)pyridine) 
( 1 6 8 a ) .  See G e n e r a l  
procedure 2.2 (p 50): 175 
(0.11 g, 0.25 mmol), 179 
(70 mg, 0.13 mmol), CuI (15 mg, 76 ^mol), THF (8 mL), PMDTA (15 mg, 89 ^mol), 40 °C, 
21 h. Column chromatography on silica gel using CH CV ethyl acetate (9/1 to 6/4) afforded the 
pure product (0.16 g, 88%) as a yellowish solid. 1H NMR (400 MHz, CDCl3, ppm) $ 8.70 (dd, J  
= 2.0, 0.8 Hz, 2H, C aH ), 8.70 (s, 2H, C aH ), 8.35 (s, 2H, C aH ), 8.22 (dd, J  = 8.2, 0.8 Hz, 2H, 
C aH ), 8.07-8.06 (m, 8H, AA'BB'), 8.00 (dd, J  = 1.5, 0.6 Hz, 2H, C aH ), 7.89 (dd, J  = 8.2,
2.1 Hz, 2H, C aH ), 7.89 (dd, J =  7.8, 1.6 Hz, 2H, C aH ), 7.81 (dd, J  = 7.9, 0.6 Hz, 2 H, C aH ),
2.16-2.06 (m, 4H, CCHi), 1.29-0.95 (m, 78H, C H i + CH (CH 3)i), 0.85-0.80 (m, 6H, 
C H iC H 3), 0.74-0.64 (m, 4H, CHi). 13C NMR (75 MHz, C D O 3, ppm) $ 152.5, 151.9, 149.3,
148.9, 148.2, 141.2, 139.9, 137.0, 136.7,128.8, 124.8, 121.64, 121.62, 120.4, 120.3, 120.2, 120.1,
119.6,117.3, 103.4, 95.8, 55.6, 40.5, 31.8, 30.0, 29.58, 29.57, 29.56, 29.5, 29.33, 29.27, 23.9, 22.6,
18.6, 14.1, 11.2. IR (neat, cm-1) 2921, 2856, 2156 (C=C), 1592, 1523, 1463, 1402, 1363, 
1234,1023, 993, 882, 837, 696, 674. MALDI-ToF MS (dithranol) m /z  calcd for CsijHnsNwSii + 
H+ 1437.90, found 1437.69.
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1,3 ,5-T ris(1-(4-(4-(5-((triisopropylsily l)ethynyl)pyrid in-2-yl)-1H -1,2 ,3-triazol-1-yl)-
p h e n y l)-1 .f f -1 ,2 ,3 - tr ia z o l-4 -y l)b e n z e n e  
(169a). See General procedure 2.2 (p 50): 
175 (90 mg, 0.20 mmol), 180 (10 mg, 
63 ^mol), CuI (4 mg, 0.02 mmol), T H F  
(10 mL), PMDTA (3 mg, 0.02 mmol), 40 °C, 
17 h. Size-exclusion chromatography (SEC) 
using C H iC li afforded the product as a yel­
lowish solid. Aggregation in solution disabled 
bo th  qualitative and quantitative identi­
fication of the product by N M R  spectros­
copy. A small fraction of each collected SEC 
fraction was reacted w ith an excess of 
(C*N)2lr(^-C l)2lr(C *N )2 (see General pro­
cedure 6.1 (p 167)) and analysed by ESIMS. 
The SEC fractions, in which the presence of 
the product was proven by ESIMS of the 
corresponding complexes 169b or 169c, were 
combined (43 mg, 51%) and used in further experiments.
2-(1-(4-(4-(3,5-Bis(1-(3,5-di-teri-butylphenyl)-1H -1,2,3-triazol-4-yl)phenyl)-1H -1,2,3-
tr ia z o l-1 -y l)p h e n y l)-1 H -1 ,2 ,3 -tr ia zo l-4 -y l)-5 -  
((triisopropylsilyl)ethynyl)pyridine (170a). See
General procedure 2.2 (p 50): 175 (0.14 g, 
0.32 mmol), 181 (0.20 g, 0.32 mmol), CuI (30 mg, 
0.16 mmol), T H F  (10 mL), PMDTA (28 mg, 
0.16 mmol), 40 °C, 17 h. Column chromatography 
on silica gel using C H 2Cl2/ethyl acetate (95/5) 
afforded the pure product (0.18 g, 52%) as a yel­
lowish solid. :H  N M R  (400 M Hz, C D C l3, ppm) §
8.70 (dd, J  = 2 .1, 0.8 Hz, 1H, C a H ), 8.69 (s, 1H, 
C a H ), 8.56 (t, J  = 1.6 Hz, 1H, C a H ), 8.55 (s, 1H, 
C a H ), 8.53 (d, J  = 1.6 Hz, 2H, C a H ), 8.50 (s, 2H, C a H ), 8.21 (dd, J  = 8.2, 0.9 Hz, 1H, C a H ), 
8.08-8.06 (m, 4H , AA'BB'), 7.88 (dd, J  = 8.2, 2.1 Hz, 1H, C a H ), 7.65 (d, J  = 1.7 Hz, 4H, 
C a H ), 7.55 (t, J  = 1.7 Hz, 2H, C aH ),  1.42 (s, 36H, C C H 3), 1.18-1.14 (m, 21H, C H (C H 3)2). 
13C N M R  (75 M Hz, C D O 3, ppm) § 152.9, 152.5, 148.8, 148.3, 148.0, 147.3, 139.8, 136.8,
136.6, 131.8, 131.1, 123.1, 122.8, 122.5, 121.5, 120.1, 119.9, 119.5, 118.9, 118.2, 115.3, 103.5,
95.6, 77.2, 35.2, 31.3, 29.6, 18.6, 11.2. IR (neat, cm-1) 5max3137, 2959, 2864, 2155 (C=C), 1594, 
1523, 1473, 1457, 1363, 1232, 1038, 987, 695. MALDI-ToF MS (dithranol) m /z  calcd for 
C 64H 77N  i3Si + H+ 1056.62, found 1056.35.
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2-(1-(4-(4-(3,5-Bis(1-(3,5-di-ieri-butylphenyl)-1H-1,2,3-triazol-4-yl)phenyl)-1H-1,2,3-
triazol-1-yl)phenyl)-1H-1,2,3-triazol-4-yl) -5-ethynyl- 
pyridine (171a). A m ixture o f  170a (0.13 g, 
0.12 mmol), TBAF (12 yL, 1M in TH F), T H F  (25 mL) 
and water (5 drops) was stirred at room temperature for
2.5 h before the solvent was evaporated. Precipitation of 
the residue from C H 2CI2 w ith M eO H  afforded the pure 
product (0.10 g, 93%) as a yellowish solid. !H  N M R  
(300 M Hz, CDCIb, ppm) £ 8.74 (dd, J  = 2.1, 0.8 Hz, 
1H, C a H ), 8.70 (s, 1H, C a H ), 8.58 (t, J  = 1.6 Hz, 1H, 
C a H ), 8.57 (s, 1H, C a H ), 8.55 (d, J  = 1.5 Hz, 2H, 
C a H ), 8.50 (s, 2H, C a H ), 8.25 (dd, J  = 8.2, 0.9 Hz,
1H, C a H ), 8.11-8.07 (m, 4H , AA'BB'), 7.92 (dd, J  = 8.2, 2.1 Hz, 1H, C a H ), 7.65 (d, J  =
1.7 Hz, 4H , C a H ), 7.56 (t, J  = 1.7 Hz, 2H, C a H ), 3.29 (s, 1H, CC H ), 1.43 (s, 36H, C H 3). 
13C N M R  (75 M Hz, C D C k  ppm) £ 153.0, 152.6, 148.9, 148.8, 148.2, 147.3, 140.1, 137.0, 
136.8,136.7, 131.9, 131.2, 123.2, 122.9,122.6, 121.69, 121.68, 120.3, 119.6, 119.0, 118.6,118.2, 
115.3, 81.2, 80.4, 35.3, 31.4. IR (neat, cm-1) ¿ w  3299 (C C -H ), 3139, 2962, 2903, 2866, 2108 
(C=C), 1592, 1522, 1475, 1360, 1246, 1035, 786, 701. MALDI-ToF MS (dithranol) m /z  calcd 
for C 55H 57N 13 + H+ 900.49, found 900.32.
2-(1-(4-(4-(3,5-Bis(1-(3,5-di-ieri-butylphenyl)-1H-1,2,3-triazol-4-yl)phenyl)-1H-1,2,3-
tr ia zo l-1 -y l)p h e n y l)-1 H -1 ,2 ,3 -  
triazol-4-yl) - 5- (1-(4-(4-(5-((tri- 
isopropylsilyl)ethynyl)pyridin-2- 
y l)-1H -1 ,2 ,3 -triazo l-1 -y l)phen - 
y l)-1 H -1 ,2 ,3 -triazo l-4 -y l)p y ri-  
dine (172a). See General p ro­
cedure 2.2 (p 50): 175 (44 mg, 
99 ymol), 171a (81 mg, 89 ymol), 
CuI (9 mg, 0.05 mmol), T H F  
(10  m L ), P M D T A  (8 m g, 
0.05 mmol), 40 °C, 17 h. Size-exclusion chromatography (SEC) using C H 2O 2 afforded the 
product as a yellowish solid. Aggregation in solution disabled both qualitative and quantitative 
identification of the product by N M R. A small fraction of each collected SEC fraction was 
reacted with an excess o f (C*N )2lr(y-Cl)2lr(C *N )2 (see General procedure 6.1 (p 167)) and 
analysed by ESIMS. The SEC fractions, in which the presence of the product was proven by 
ESIMS of the corresponding complexes 172b or 172c, were combined (69 mg, 57%) and used in 
further experiments.
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2-(1-(4-(4-(3,5-Bis(1-(3,5-di-teri-butylphenyl)-1H -1,2,3-triazol-4-yl)phenyl)-1H -1,2,3-
tr ia zo l-1 -y l)p h e n y l)-1 H -1 ,2 ,3 -  
triazo l-4 -y l)-5 -(1 -(4 -(4 -(5 -((tri- 
isopropylsilyl)ethynyl)pyridin-2- 
y l)-1H -1 ,2 ,3-triazo l-1-y l)cyclo  - 
h e x y l)-1 H -1 ,2 ,3 - tr ia z o l-4 -y l)-  
p y rid in e  (trans-174a/cis-174a  
(3/2)). See General procedure 2.2 
(p 50): 176 (7 mg, 0.02 mmol), 
171a (13 mg, 14 ymol), CuI 
(3 mg, 0.02 mmol), T H F  (6  mL), 
PMDTA (3 mg, 0.02 mmol), 40 °C, 23 h. Column chromatography on silica gel using C H 2Q 2/  
M eO H  (99/1 to 97.5/2.5) afforded the pure product (14 mg, 72%) as a colourless solid film in a 
3 /2  mixture o f the trans- and as-isomers (1H  N M R  spectroscopy).
M ajor isom er trans-174a. (Measured from a 3 /2  mixture of trans-174a and as-174a) 
1H  N M R  (400 M Hz, C D C l3, ppm) £9.11-9.07 (m, 1H, C a H ), 8.73 (s, 1H, C a H ), 8.65 (d, 
J =  1.4 Hz, 1H, C a H ), 8.61-8.49 (m, 6 H, C a H ), 8.33 (d, J  = 8.3 Hz, 1H, C a H ,  8.28 (dd, 
J  = 8.4, 1.8 Hz, 1H, C a H ), 8.24 (s, 1H, CaH ),  8.14 (d, J  = 8.2 Hz, 1H, C a H ,  8.10-8.04 
(m, 4H , AA'BB'), 7.98 (s, 1H, C a H ), 7.85 (dd, J  = 8.2, 2.0 Hz, 1H, C a H ,  7.65 (d, J  =
1.4 Hz, 4H , C a H ), 7.55 (t, J =  1.5 Hz, 2H, C aH ),  4.77-4.63 (m, 1H, N C H ), 4.77-4.63 
(m, 1H, N C H ), 2.64-1.54 (m, 8 H, C H H ), 1.42 (s, 36H, C C H 3), 1.18-1.11 (m, 21H, 
C H (C H 3)2). 13C N M R  (75 M Hz, C D C k  ppm) £ 153.0, 152.3, 149.1, 149.0, 148.8, 148.2,
147.8, 147.3, 146.8, 144.4, 139.9, 136.9, 136.8, 136.7, 133.9, 131.9, 131.2, 126.2, 123.2,
122.9, 122.6, 121.64, 121.58, 120.54, 120.50, 119.9, 119.7, 119.3, 119.0, 118.30, 118.25,
115.3, 103.5, 95.4, 58.7, 58.5, 35.2, 31.71, 31.69, 31.4, 18.6, 11.3.
M inor isom er cis-174a. (Measured from a 3 /2  mixture of trans-174a and as-174a) 
1H  N M R  (400 M Hz, C D O 3, ppm) £9.11-9.07 (m, 1H, C a H ), 8.74 (s, 1H, C a H ), 8.63 (d, 
J =  2.0 Hz, 1H, C a H ,  8.61-8.49 (m, 6 H, C a H ), 8.33 (d, J  = 8.3 Hz, 1H, C a H ,  8.28 (dd, 
J  = 8.4, 1.8 Hz, 1H, C a H ), 8.26 (s, 1H, C a H ), 8.13 (d, J  = 8.2 Hz, 1H, C a H ), 8.10-8.04 
(m, 4H , AA'BB'), 7.97 (s, 1H, C a H ), 7.85 (dd, J  = 8.2, 2.0 Hz, 1H, C a H ), 7.65 (d, J  =
1.4 Hz, 4H , C a H ), 7.55 (t, J =  1.5 Hz, 2H, C aH ),  4 .89-4.77 (m, 1H, N C H ), 4.77-4.63 
(m, 1H, N C H ), 2.64-1.54 (m, 8 H, C H H ), 1.42 (s, 36H, C C H 3), 1.18-1.11 (m, 21H, 
C H (C H 3)2). The low signal-to-noise ratio and the overlap of some signals with signals o f the 
trans-isomer did not allow the reliable assignment o f the 13C N M R  signals o f the as-isomer.
M ixture (3/2) o f  trans-174a and cis-174a. IR (neat, cm-1) Vmax 2957, 2925, 2862, 2155 
(C=C), 1594, 1523, 1467, 1364, 1261, 1233, 1036, 989, 883, 837, 809, 699, 669. M ALDI- 
ToF MS m /z  calcd for C 79H 92N 2oSi + H+ 1349.76, found 1349.47.
6.5.5 Synthesis o f  the target iridium complexes
G eneral procedure 6.1 for the synthesis o f  iridium  complexes. A mixture of the ligand 
(165a-172a and 174a; 1 eq), meso-A,A-(C*N)2Ir(y-Cl)2Ir(C*N )2 (C*N = 2-phenylpyridine for 
the b series; C*N = 2-(1H-pyrazol-1-yl)pyridine for the c series; 1.1 eq (170a and 171a); 2.2 eq
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(165a-168a, 172a and 174a); 3.3 eq (169a)) and a mixture of C H C l3 and M eO H  (5 mL/ 
25 ^mol of the ligand; 3/1) was heated at 50 °C for 2 -5  h (140 h in the case of 166b) before the 
solvents were evaporated. The residue was purified by flash column chromatography on silica gel 
using C H C b /M eO H  (99/1) to remove the excess o f meso-A,A-(C*N)2Ir(^-Cl)2Ir(C*N )2 and 
C H C l3/M eO H  (97/3 to 8/2) to afford the pure product. Since no reason or evidence for the 
formation of the diastereomerically pure or diastereomerically enriched binuclear products were 
found, it was presumed that all binuclear iridium complexes were obtained as a 1/1  mixture of the 
re/-A,A- and meso-A,A-diastereomers (165b-168b  and 165c-168c) or as a 1/1 mixture of the 
rel-A,A- and re/-A,A-diastereomers (172b, 172c and 174c). Except for 165b and 165c, the 1H  
and 13C N M R  signals o f the diastereomers of all binuclear products overlap within the resolution 
limits o f both N M R  spectroscopic techniques; in the case of 165b and 165c, some individual 1H  
and 13C N M R  signals are visible. The small or the lack o f difference in the chemical shifts between 
the two diastereomers is most likely due to the long distance between the two chiral centres.
C om pound 165b (rel-A,A-165b/m eso-A,A-165b (1/1)). See General procedure 6.1
(p 167). Column chromatography on silica gel using 
ethyl acetate/M eOH (95/5 to 8/2) afforded the pure 
product (70 mg, 92%) as a yellow solid.
M ixture (1/1) o f  rel-A,A-165b and meso-A,A-165b.
1H  N M R  (400 M Hz, C D C l3, ppm) £ 11.78 (s, 2H, 
C a H ), 11.78 (s, 2H, C a H ), 9.04 (d, J  = 8.2 Hz, 2H, 
C a H ), 9.04 (d, J  = 8.2 Hz, 2H, C a H ), 8.32 (s, 4H, 
C a H ), 8.31 (s, 4H , C a H ), 7.96 (bd, J  = 8.8 Hz, 2H, 
C a H ), 7.96 (bd, J  = 8.8  Hz, 2H, C a H ), 7.94 (bd, J  =
9.1 Hz, 2H, C a H ), 7.94 (bd, J =  9.1 Hz, 2H, C a H ), 7.90 (bd, J  = 9.1 Hz, 2H, C a H ), 7.90 
(bd, J  = 9.1 Hz, 2H, C a H ,  7.80-7.66 (m, 20H, CaH ),  7.64 (bd, J  = 7.9 Hz, 2H, C a H ,  
7.64 (bd, J =  7.9 Hz, 2H, C aH ),  7.52 (bd, J =  5.9 Hz, 2H, C a H ), 7.52 (bd, J =  5.9 Hz, 2H, 
C a H ), 7.07-6.95 (m, 16H, C a H ,  6.90 (bdd, J =  8.0, 7.9 Hz, 2H, CaH ),  6.90 (bdd, J  = 
8.0, 7.9 Hz, 2H , C a H ), 6 .88  (bdd, J  = 8.0, 7.9 Hz, 2H, C aH ),  6.88  (bdd, J  = 8.0, 7.9 Hz, 
2H, C a H ), 6.37 (bdd, J =  7.4, 2.2 Hz, 2H, C a H ), 6.37 (bdd, J  = 7.4, 2.2 Hz, 2H, C a H ), 
6.29 (bd, J  = 7.6 Hz, 2H, C a H ), 6.29 (bd, J  = 7.6 Hz, 2H, C a H ), 1.13-0.93 (m, 42H, 
C H (C H 3)2), 1.13-0.93 (m, 42H, C H (C H 3)2). 13C N M R  (75 M Hz, C D Q 3, ppm) £ (29C 
overlapped) 168.43, 168.40, 167.54, 167.53, 152.5 (CH), 149.5 (CH), 149.38, 149.36, 
149.08, 149.07, 148.4, 148.3 (CH), 145.01, 144.99, 143.6, 143.32, 143.29, 141.5 (CH),
138.1 (CH), 138.0 (CH), 136.4, 131.78 (CH), 131.75 (CH), 131.7 (CH), 130.7 (CH), 
130.31 (CH), 130.27 (CH), 127.4 (CH), 124.6 (CH), 124.3 (CH), 123.3 (CH), 122.9, 
122.8 (CH), 122.7 (CH), 121.9 (CH), 119.6 (CH), 119.5 (CH), 101.1, 99.7, 18.5 (CH),
11.0 (C H 3). IR (neat, cm-1) ymax 3054, 2955, 2938, 2924, 2864, 2156 (C=C), 1718, 1607, 
1582, 1523, 1476, 1266, 1227, 1163, 1066, 1033, 883, 846, 756, 735, 702, 669. HRMS 
(ESI) m /z  calcd for C 86H 86Ir2N 12Si2+ 1728.58954, found 1728.58986 (|A| = 0.19 ppm).
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C om pound 166b (rel-A ,A-166b/m eso-A ,A-166b  (1/1)). See General procedure 6.1
(p 167). Column chromatography 
on silica gel using C H C W M eO H  
(93/7 to  87/13) afforded the pure 
product (22 mg, 43%) as a yellow 
solid.
rel-A,A-166b. (Measured from a 
1/1 mixture of rel-A,A-166b and 
m e so -A , A - 1 6 6 b )  1H  N M R  
(400 M Hz, C D C l3, ppm) £ 11.95 
(s, 2H, C a H ), 9.20 (dd, J =  8.4, 0.5 Hz, 2H, C a H ), 8.42-8.36 (m, 4H, AA' of AA'XX'),
8.32 (s, 2H, C a H ), 8.02 (s, 4H , C aH ),  8 .02-7.97 (m, 4H, XX' of AA'XX'), 8.00 (dd, J  =
8.2, 1.9 Hz, 2H, C aH ),  7.96 (ddd, J =  8.6, 1.4, 0.7 Hz, 2H, C a H ), 7.94 (ddd, J =  8.8, 1.4, 
0.6 Hz, 2H, C a H ), 7.81 (ddd, J  = 8.6, 7.4, 1.6 Hz, 2H, C a H ), 7.81 (dd, J  = 5.9, 1.8 Hz, 2H, 
C aH ),  7.79 (ddd, J  = 8.9, 7.4, 1.6 Hz, 2H, C a H ,  7.69 (ddd, J  = 8.2, 1.3, 0.5 Hz, 2H, 
C aH ),  7.69 (dd, J  = 1.9, 0.7 Hz, 2H, C aH ),  7.67 (ddd, J  = 8.0, 1.1, 0.5 Hz, 2H, C aH ),  7.56 
(ddd ,J  = 5.9, 1.5, 0.7 Hz, 2H, C a H ), 7.08 (d d d ,J=  7.4, 5.9, 1.4 Hz, 2H, C a H ), 7.05 (ddd ,J  
= 7.3, 5.9, 1.4 Hz, 2H, C aH ),  7.04 (ddd, J  = 7.8, 7.2, 1.2 Hz, 2H, C a H ), 7.03 (ddd, J  = 7.9,
7.4, 1.2 Hz, 2H, C aH ),  6.92 (ddd, J =  7.6, 7.2, 1.3 Hz, 2H, C a H ,  6.92 (ddd, J =  7.6, 7.3,
1.5 Hz, 2H, C a H ), 6.34 (ddd, J  = 7.6, 1.3, 0.5 Hz, 2H, C a H ,  6.34 (ddd, J  = 7.6, 1.3, 
0.5 Hz, 2H, C a H ,  1.08-1.01 (m, 42H, C H (C H 3)2). 13C N M R  (50 M Hz, DMSO-^s, 
48 °C, ppm) £ (2C overlapped) 166.9, 166.2, 152.0, 150.0, 149.5, 148.6, 148.3, 148.0, 147.1,
145.4, 143.92, 143.86, 141.7, 138.9, 138.6, 137.2, 135.3, 131.3, 130.7, 130.0, 129.8, 129.3,
126.1, 125.9, 124.7, 124.4, 123.9, 123.7, 122.5, 121.8, 121.7, 121.2, 121.1, 119.8, 119.6,
101.6, 98.1, 18.2, 10.4.
meso-A,A-166b. The :H  and 13C N M R  spectroscopic data are identical to rel-A,A-166b 
w ithin the resolution limits o f both N M R  spectroscopic techniques.
M ixture (1/1) o f  rel-A,A-166b and meso-A,A-166b. IR (neat, cm-1) Vmax 3049, 2956, 
2940, 2923, 2863, 2159 (C=C), 1605, 1583, 1524, 1477, 1422, 1266, 1227, 1163, 1064, 
1032, 990, 881, 841, 757, 731, 696, 669. HRM S (ESI) m /z  calcd for C 102H 96Ir2N 18Si2+ 
2010.68157, found 2010.68102 (|A| = 0.27 ppm).
C om pound 167b (rel-A,A-167b/meso-A,A-167b (1/1)). See General procedure 6.1
(p 167). Column chromatography 
on silica gel using C H C l3/M eO H  
(9/1) afforded the pure product 
(29 mg, 97%) as a yellow solid.
rel-A,A-167b. (Measured from a 
cr 1/1 mixture of rel-A,A-167b and 
m e s o - A ,h - \6 7 b )  !H  N M R  
(400 M Hz, C D C l3, ppm) £ 11.99 
(s, 2H, C a H ,  9.25 (dd, J  = 8.3, 
0.5 Hz, 2H, C a H ,  8.60 (s, 2H, C a H ,  8.42-8.33 (m, 4H , AA' of AA'XX'), 8.09 (s, 2H,
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C a H ), 8.02 (dd, J  = 8.3, 1.6 Hz, 2H, C a H ), 8.00-7.95 (m, 4H , XX' o f AA'XX'), 7.94 (bd, 
J  = 8.2 Hz, 2H, C a H ), 7.93 (bdd, J  = 8 .6 , 1.1 Hz, 2H, C a H ), 7.83-7.75 (m, 6 H, C a H ), 
7 .71-7.64 (m, 6 H, C a H ), 7.56 (bd, J  = 5.5 Hz, 2H , C a H ), 7.10-6.99 (m, 8 H, C a H ), 6.92 
(ddd, J =  7.8, 7.3, 1.3 Hz, 2H, C a H ), 6.90 (ddd ,J  = 7.9, 7.3, 1.6 Hz, 2H, C a H ), 6.34 (dd, J  
= 7.6, 0.9 Hz, 2H , C a H ), 6.34 (dd, J =  7.6, 0.9 Hz, 2H, C a H ), 4.25 (t, J  = 7.0 Hz, 4H, 
O C H 2), 1.97 (tt, J =  7.0, 7.0 Hz, 4H , CHz), 1.57-1.47 (m, 4H , C H 2), 1.45-1.35 (m, 4H, 
C H 2), 1.34-1.16 (m, 28H, C H 2), 1.07-0.99 (m, 42H, C H (C H 3)2), 0.88-0.79 (m, 6 H, 
C H 2C H 3). 13C N M R  (75 M Hz, C D Q 3, ppm) £ 168.3, 167.6, 152.5, 149.6, 149.4, 149.3,
149.1, 148.5, 148.4, 145.7, 144.2, 143.56, 143.55, 141.8, 138.1, 138.0, 137.7, 135.6, 131.9,
131.6, 130.8, 130.1, 127.3, 124.7, 124.59, 124.58, 124.4, 123.3, 123.0, 122.9, 122.3, 121.8,
121.3, 120.7, 119.6, 119.5, 118.9, 110.9, 101.1, 99.8, 69.0, 31.9, 29.63, 29.59, 29.56, 29.5,
29.4, 29.29, 29.26, 26.0, 22.6, 18.5, 14.1, 11.1.
meso-A,A-167b. The 1H  and 13C N M R  spectroscopic data are identical to rel-A,A-167b 
within the resolution limits o f both N M R  spectroscopic techniques.
M ixture (1/1) o f  rel-A,A-167b and meso-A,A-167b. IR (neat, cm-1) Vmax 3048, 2922, 
2852, 2160 (C=C), 1720, 1606, 1582, 1524, 1478, 1420, 1267, 1247, 1228, 1204, 1064, 
1030, 879, 840, 760, 731, 695, 669. HRM S (ESI) m /z  calcd for C12sH144Ir2N18O2Si2+ 
2379.04700, found 2379.04833 (|A| = 0.56 ppm).
C om pound 168b (rel-A,A-168b/m eso-A,A-168b (1/1)). See General procedure 6.1
(p 167). Column chroma­
tography on silica gel using 
C H C l3/M e O H  (95 /5  to 
9 /1 )  afforded th e  pure 
product (52 mg, >99%) as a 
yellow solid.
rel-A ,A -168b. (M easured 
from a 1/1  mixture of rel- 
A , A - 1 6 8 b  a n d  m e so -  
A,A-168b) 1H  N M R  (400 M Hz, C D O 3, ppm) £ 11.89 (s, 2H, C a H ), 9.19 (d, J  = 8.1 Hz, 
2H, C a H ), 8.43-8.35 (m, 4H, AA' o f AA' XX' ), 8.32 (s, 2H , C a H ), 8.02-7.98 (m, 4H , XX' 
o f AA'XX' ), 8.01 (dd, J =  8.3, 1.9 Hz, 2H, C a H ), 7.97 (dd, J =  1.5, 0.6 Hz, 2H, C a H ), 
7.96-7.91 (m, 4H , C a H ), 7.85 (dd, J  = 7.8, 1.5 Hz, 2H, C a H ), 7.82-7.77 (m, 4H , C a H ), 
7.78 (ddd, J  = 8.3, 7.4, 1.5 Hz, 2H, C a H ), 7.78 (dd, J  = 7.9, 0.6 Hz, 2H , C a H ), 7.70-7.65 
(m, 4H , CatH), 7.69 (dd, J =  1.9, 0.6 Hz, 2H, C a H ), 7.55 (ddd, J  = 5.9, 1.5, 0.7 Hz, 2H, 
CatH), 7.07 (ddd, J  = 7.3, 5.9, 1.5 Hz, 2H, C a H ), 7.06-7.02 (m, 2H, C a H ), 7.02 (ddd, J  =
7.8, 7.4, 1.4 Hz, 2H, C a H ), 7.02 (ddd, J =  7.9, 7.3, 1.4 Hz, 2H, C a H ), 6.92 (ddd, J  = 7.5,
7.5, 1.4 Hz, 2H, CatH), 6.90 (ddd, J =  7.5, 7.4, 1.4 Hz, 2H, C a H ), 6.34 (ddd, J =  7.7, 1.2, 
0.5 Hz, 2H , CatH), 6.34 (ddd, J =  7.7, 1.3, 0.5 Hz, 2H, C a H ), 2.15-2.03 (m, 4H , C C H 2), 
1.36-0.95 (m, 78H, C H 2 + C H (C H 3)2), 0.84-0.77 (m, 6 H, C H 2C H 3), 0.73-0.60 (m, 4H, 
CHz). 13C N M R  (75 M Hz, C D O 3, ppm) £ 168.3, 167.6, 152.5, 151.9, 149.4, 149.30, 
149.27, 149.0, 148.5, 148.3, 145.6, 143.6, 141.8, 141.1, 138.2, 138.0, 137.5, 135.7, 131.9,
131.6.130.8, 130.1, 128.7,127.2, 124.8, 124.7, 124.5, 124.40,124.36, 123.3,123.02, 122.96,
170
122.9, 122.4, 121.9, 121.5, 120.3, 120.2, 119.64, 119.55, 117.4, 101.1, 99.9, 55.5, 40.5, 31.8,
30.0, 29.6, 29.52, 29.50, 29.47, 29.3, 29.2, 23.9, 22.6, 18.5, 14.0, 11.1.
meso-A,A-168b. The 1H  and 13C N M R  spectroscopic data are identical to rel-A,A-168b 
within the resolution limits o f both N M R  spectroscopic techniques.
M ixture (1/1) o f  rel-A,A-168b and meso-A,A-168b. IR (neat, cm-1) Vmax 3060, 3046, 
2920, 2851, 2160 (C=C), 1605, 1581, 1523, 1476, 1269, 1226, 1064, 1031, 844, 758, 730. 
HRM S (ESI) m /z  calcd for C133H148Ir2N18Si2+ 2435.08847, found 2435.09522 (|A| = 
2.77 ppm).
C om pound 169b. See General procedure 6.1 (p 167). Column chromatography on silica gel
using C H C l3/M e O H  (9/1 to 8 /2) 
afforded the pure product (10 mg, 48%) 
as a yellow solid. Presuming that during 
the purification process no diastereo- 
merical enrichment occured, the product 
was obtained as a 1 /1 /1 /1  mixture of the 
rel-A,A,A-169b, rel-A,A,A-169b, rel­
A , A , A - 1 6 9 b  an d  rel- A , A , A- 16 9 b  
diastereomers.
M ixture (1 /1 /1 /1 )  o f  rel-A,A,A-169b, 
rel-A,A,A-169b, rel-A,A,A-169b and 
rel-A,A,A-169b. IR (neat, cm-1) Vmax 
3063, 2952, 2921, 2853, 2160 (C=C), 
1730, 1607, 1583, 1520, 1463, 1377, 
1230, 1163, 1068, 1040, 847, 760, 736,
698, 667. HRMS (ESI) m /z  calcd for 
C15oH141191Ir2193IrN27Si3+ 2979.00121, 
found 2979.00055 (|A| = 0.22 ppm). Significant broadening of the N M R  signals, most likely 
due to aggregation, did not allow interpretation of the N M R  spectra.
C om pound 170b. See General procedure 6.1 (p 167). Column chromatography on
silica gel using C H C V M e O H  (9/1) afforded the 
pure product (92 mg, >99%) as a yellow solid. 
1H  N M R  (400 M Hz, CDCl3, ppm) £ 11.88 (s, 1H, 
CatH), 9.12 (d, J  = 7.9 Hz, 1H, C a H ), 8.67 (s, 1H, 
CatH), 8.59 (s, 2H, C a H ), 8.56 (t, J  = 1.5 Hz, 1H, 
CatH), 8.53 (d, J  = 1.4 Hz, 2H, C a H ), 8.38-8.32 
(m, 2H, AA' of AA'XX' ), 8.03-7.98 (m, 2H, XX' o f 
AA'XX'), 7.95 (bd, J  = 8.1 Hz, 1H, C a H ), 7.94 
(bd, J  = 8.0 Hz, 1H, CatH), 7.90 (bd, J  = 8.5 Hz, 
1H, CatH), 7.87 (bd, J  = 5.5 Hz, 1H, C a H ), 7.82 
(ddd, J  = 8.3, 7.7, 1.6 Hz, 1H, C a H ), 7.78 (ddd, J  = 8.2, 7.5, 1.6 Hz, 1H, C a H ), 7.71-7.65 (m, 
3H, CatH), 7.67 (d, J  = 1.6 Hz, 4H , C a H ), 7.56-7.53 (m, 1H, C a H ), 7.54 (t, J  = 1.7 Hz, 2H, 
CatH), 7.13 (bdd, J  = 6.5, 6.4 Hz, 1H, C a H ), 7.10-7.05 (m, 1H, C a H ), 7.04 (ddd, J  = 7.7, 7.2,
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1.2 Hz, 1H, C a H ), 7.02 (ddd, J  = 7.9, 7.2, 1.2 Hz, 1H, C a H ,  6.92 (ddd, J  = 7.8, 7.2, 1.6 Hz, 
1H, C a H ), 6.92 (ddd, J  = 7.8, 7.1, 1.4 Hz, 1H, C a H ), 6.35 (ddd, J  = 7.8, 1.4, 0.5 Hz, 
1H, C a H ), 6.34 (ddd, J  = 7.8, 1.1, 0.5 Hz, 1H, C a H ), 1.43 (s, 36H, C C H 3), 1.06-1.01 (m, 21H, 
C H (C H 3)2). 13C N M R  (75 M Hz, C D O 3, ppm) £ (1C overlapped) 168.2, 167.4, 152.8, 152.6,
149.9, 149.1, 149.0, 148.5, 148.0, 147.9, 147.3, 145.7, 143.8, 143.6, 141.1, 138.1, 137.9, 137.1,
136.7, 135.4, 131.9, 131.8, 131.6, 131.2, 130.6, 130.0, 126.5, 124.5, 124.3, 123.7, 123.6, 123.0,
122.9, 122.8, 122.6, 122.5, 122.3, 121.7, 121.2, 119.6, 119.5, 119.3, 119.0, 115.1, 101.1, 99.4,
35.2, 31.4, 18.5, 11.0. IR (neat, cm-1) Vmax 3059, 3048, 2955, 2924, 2864, 2162 (C=C), 1719, 
1607, 1522, 1477, 1361, 1317, 1229, 1061, 1037, 878, 847, 789, 757, 732, 696, 669. HRMS 
(ESI) m /z  calcd for Cs6H 93IrN 15Si+ 1556.71368, found 1556.72109 (|A| = 4.76 ppm).
C om pound 172b (rel-A ,A-172b/rel-A ,A-172b (1/1)). See General procedure 6.1 (p 167).
Column chromatography on silica 
gel using C H C V M e O H  (96/4 to 
85/15) afforded the pure product 
(16 mg, 45%) as a yellow solid.
M i x t u r e  ( 1 / 1 )  o f  r e l -  
A ,A-172b and rel-A,A-172b. IR
(neat, cm-1) Vmax 3053, 2958, 
2922, 2865, 1713, 1607, 1523, 
1480, 1423, 1258, 1230, 1097, 
1063, 1031, 845, 804, 757, 732, 705, 669. HRM S (ESI) m /z  calcd for C 123H n8Ir2N 24Si+ 
2340.89523, found 2340.89408 (|A| = 0.49 ppm). Significant broadening of the N M R 
signals, most likely due to aggregation, disabled interpretation of the N M R  spectra.
C om pound 165c (rel-A,A-165c/meso-A,A-165c (1/1)). See General procedure 6.1
(p 167). Column chromatography on silica gel using 
C H C h /M eO H  (95/5 to 9/1) afforded the pure 
product (60 mg, 92%) as a yellow solid.
M ixture (1/1) o f  rel-A,A-165c and meso-A,A-165c.
!H N M R  (400 M Hz, C D Q 3, ppm) £ 11.84 (s, 2H, 
C a H ), 11.84 (s, 2H, C a H ), 9.04 (d, J  = 8.2 Hz, 2H, 
C a H ), 9.04 (d, J  = 8.2 Hz, 2H, C a H ), 8.35 (s, 4H, 
C a H ), 8.35 (s, 4H, C a H ,  8.12 (dd, J  = 3.0, 0.7 Hz, 
2H, C a H ), 8.11 (dd, J  = 3.0, 0.8 Hz, 2H, C a H ), 
8.11 (dd, J  = 3.0, 0.6 Hz, 2H, C a H ,  8.10 (dd, J  = 3.0, 0.6 Hz, 2H, C a H ,  7.97 (dd, J  = 8.2, 
1.9 Hz, 2H, C a H ), 7.97 (dd, J  = 8.2, 1.9 Hz, 2H, C a H ), 7.86 (dd, J  = 1.9, 0.6 Hz, 2H, 
C a H ), 7.86 (dd, J  = 1.9, 0.6 Hz, 2H, C a H ), 7.28 (ddd, J  = 8.0, 1.2, 0.5 Hz, 2H, C a H ), 7.28 
(ddd ,J  = 8.0, 1.1, 0.4 Hz, 2H, C a H ), 7.26 (d d d ,J=  8.2, 1.3, 0.5 Hz, 2H, C a H ), 7.26 (ddd ,J  
= 8.1, 1.2, 0.5 Hz, 2H, C a H ), 7.09 (dd, J  = 2.3, 0.6 Hz, 2H, C a H ,  7.08 (dd, J  = 2.3, 
0.6 Hz, 2H, C a H ), 7.03 (ddd, J  = 8.0, 7.3, 1.3 Hz, 2H, C a H ,  7.03 (ddd, J  = 7.9, 7.4,
1.2 Hz, 2H, C a H ), 7.01 (ddd, J  = 8.1, 7.4, 1.3 Hz, 2H, C a H ,  7.01 (ddd, J  = 8.0, 7.3,
1.3 Hz, 2H, C a H ), 6.89 (dd, J  = 2.3, 0.6 Hz, 2H, C a H ), 6.89 (dd, J  = 2.3, 0.6 Hz, 2H, 
C a H ), 6.85 (ddd, J  = 7.5, 7.4, 1.2 Hz, 2H, C a H ,  6.85 (ddd, J  = 7.5, 7.4, 1.2 Hz, 2H,
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CatH), 6.84 (ddd, J  = 7.6, 7.5, 1.2 Hz, 2H, C a H ), 6.83 (ddd, J  = 7.5, 7.5, 1.2 Hz, 2H, 
CatH), 6.57 (d d ,J  = 2.9, 2.3 Hz, 2H, C a H ), 6.56 (dd, J =  2.9, 2.3 Hz, 2H, C a H ), 6.53 (dd, 
J  = 2.9, 2.3 Hz, 2H, C a H ), 6.52 (dd, J  = 2.9, 2.3 Hz, 2H, C a H ), 6.38 (ddd, J =  7.5, 1.2, 
0.6 Hz, 2H , CatH), 6.38 (ddd, J  = 7.5, 1.2, 0.6 Hz, 2H , C a H ), 6.29 (ddd, J  = 7.6, 1.2, 
0.6 Hz, 2H, C a H ), 6.29 (ddd, J  = 7.6, 1.2, 0.6 Hz, 2H, C a H ), 1.06-1.00 (m, 42H, 
C H (C H 3)2), 1.06-1.00 (m, 42H, C H (C H 3)2). 13C N M R  (75 M Hz, C D C l3, ppm) £ (31C 
overlapped) 152.6, 149.5, 148.8, 142.7, 142.5, 141.7, 138.9, 137.6, 136.3, 133.4, 133.1,
131.1.126.9, 126.8, 126.7,126.6, 126.44,126.42, 124.0,123.43, 123.36,122.5, 121.8, 111.5,
111.3, 108.2, 107.9, 101.0, 99.7, 18.4, 10.9. IR (neat, cm-1) Vmax 3058, 2956, 2941, 2921, 
2865, 2160 (C=C), 2040, 1714, 1607, 1579, 1520, 1481, 1467, 1411, 1336, 1274, 1263, 
1230, 1058, 1033, 883, 845, 748, 730, 701, 667, 656. HRM S (ESI) m /z  calcd for 
C78H 82Ir2N16Si2+ 1680.56587, found 1680.56964 (|A| = 2.25 ppm).
C om pound 166c (rel-A,A-166c/meso-A,A-166c (1/1)). See General procedure 6.1
(p 167). Column chromatography 
on silica gel using C H C l3/M eO H  
(96/4 to 9/1) afforded the pure 
product (17 mg, 43%) as a yellow 
solid.
rel-A,A-166c. (Measured from a 
1/1 mixture of rel-A,A-166c and 
m e s o - A , A - 1 6 6 c )  1H  N M R  
(400 M Hz, CDCl3, ppm) £ 11.95 
(s, 2H , CatH), 9.19 (d, J  = 8.1 Hz, 2H, C a H ), 8.39-8.34 (m, 6H, C a H ), 8.15 (dd, J  = 3.0, 
0.5 Hz, 2H, CatH), 8.14 (dd, J  = 2.9, 0.5 Hz, 2H, C a H ), 8.00-7.95 (m, 10H, C a H ), 7.86 
(dd, J =  1.9, 0.7 Hz, 2H, CatH), 7 .30-7.27 (m, 4H , C a H ), 7.13 (dd, J  = 2.3, 0.5 Hz, 2H, 
CatH), 7.06-7.00 (m, 4H , C a H ), 6.95 (dd, J  = 2.4, 0.4 Hz, 2H, C a H ), 6.87 (ddd, J  = 7.5,
7.5, 1.1 Hz, 2H, C a H ), 6.84 (ddd, J =  7.5, 7.5, 1.1 Hz, 2H, C a H ), 6.59 (dd, J  = 2.8, 2.3 Hz, 
2H, C a H ), 6.57 (dd, J =  2.9, 2.4 Hz, 2H, C a H ), 6.35 (ddd ,J  = 7.4, 1.1, 0.6 Hz, 2H, C a H ),
6.33 (ddd, J  = 7.6, 1.2, 0.5 Hz, 2H , C a H ), 1.07-1.02 (m, 42H, CH(CH3)2). 13C N M R 
(75 M Hz, C D C l3/C D 3O D  (3/1), ppm) £ 153.0, 149.3, 147.90, 147.85, 142.50, 142.46,
141.1, 138.5, 137.6, 137.4, 135.2, 133.1, 132.5, 130.0, 129.5, 127.0, 126.8, 126.5, 126.3,
125.9, 125.7, 123.9, 123.4, 122.8, 122.7, 122.2, 121.6, 121.0, 118.4, 111.4, 110.9, 108.0,
107.8, 100.3, 100.0, 17.8, 10.6.
meso-A,A-166c. The 1H  and 13C N M R  spectroscopic data are identical to rel-A,A-166c 
within the resolution limits o f both N M R  spectroscopic techniques.
M ixture (1/1) o f  rel-A,A-166b and meso-A,A-166b. IR (neat, cm-1) Vmax 3057, 2959, 
2939, 2924, 2862, 2160 (C=C), 1524, 1480, 1467,1412, 1264, 1064, 1034, 1017, 801, 747, 
697, 669. HRM S (ESI) m /z  calcd for C 94H 92Ir2N 22Si2+ 1970.66723, found 1970.66850 (|A| 
= 0.65 ppm).
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C om pound 167c (rel-A ,A -167c/meso-A,A-167c (1/1)). See General procedure 6.1
(p 167). Column chromatography 
on silica gel using C H C l3/M eO H  
(85/15) afforded the pure product 
(23 mg, >99%) as a yellow solid.
rel-A,A-167c. (Measured from a 
1/1 mixture of rel-A,A-167c and 
m e s o -A , A - 1 6 7 c )  1H  N M R  
(400 M Hz, CD C lj, ppm) £ 11.81 
(s, 2H, C a H ), 9.20 (dd, J  = 8.4, 0.5 Hz, 2H, C a H ), 8.61 (s, 2H, C a H ), 8.40-8.34 (m, 4H, 
AA' o f AA'XX' ), 8.14-8.11 (m, 4H, C a H ), 8.09 (s, 2H, C a H ), 8.03 (dd, J  = 8.3, 1.8 Hz, 
2H, CatH), 8.01-7.95 (m, 4H , XX ' o f AA 'XX ' ), 7.87 (dd, J  = 1.9, 0.6 Hz, 2H, C a H ), 7.28 
(ddd, J =  7.9, 1.4, 0.4 Hz, 2H, C a H ), 7.28 (ddd, J  = 8.1, 1.2, 0.5 Hz, 2H, C a H ), 7.13 (dd, J  
= 2.3, 0.5 Hz, 2H, CatH), 7.05 (ddd, J  = 8.1, 7.5, 1.4 Hz, 2H, C a H ), 7.04 (ddd, J  = 7.9, 7.4,
1.3 Hz, 2H, CatH), 6.95 (dd, J  = 2.4, 0.5 Hz, 2H, C a H ), 6.88  (ddd, J  = 7.5, 7.5, 1.0 Hz, 2H, 
CatH), 6 .86  (ddd, J  = 7.5, 7.4, 1.0 Hz, 2H, C a H ), 6.60 (dd, J  = 2.7, 2.4 Hz, 2H, C a H ), 6.58 
(dd, J =  2.8, 2.4 Hz, 2H, C a H ), 6.36 (ddd, J  = 7.4, 1.2, 0.5 Hz, 2H, C a H ), 6.35 (ddd, J  =
7.5, 1.3, 0.6 Hz, 2H, C a H ), 4.26 (t, J  = 6.9 Hz, 4H , OCHz), 1.98 (tt, J =  7.1, 7.0 Hz, 4H, 
CHz), 1.57-1.47 (m, 4H, CHz), 1.46-1.35 (m, 4H , CHz), 1.35-1.17 (m, 28H, CHz), 1.08­
1.00 (m, 42H, C H (C H 3)2), 0.87-0.81 (m, 6 H, C H 2C H 3). 13C N M R  (75 M Hz, C D Q 3, 
ppm) £ 152.7, 149.8, 149.6, 148.9, 144.2, 142.7, 142.0, 138.9, 137.9, 137.7, 135.6, 133.6,
133.1, 131.0, 127.2, 127.0, 126.9, 126.7, 126.5, 126.3, 124.3, 123.6, 123.0, 122.6, 121.8,
121.4, 120.8, 118.9, 111.6, 111.2, 110.91, 110.89, 108.3, 108.1, 101.0, 99.8, 69.0, 31.9, 
29.63, 29.58, 29.56, 29.5, 29.4, 29.28, 29.26, 26.0, 22.6, 18.5, 14.1, 11.1.
meso-A,A-167c. The *H and 13C N M R  spectroscopic data are identical to  rel-A,A-167c 
w ithin the resolution limits o f both N M R  spectroscopic techniques.
M ixture (1/1) o f  rel-A,A-167b and meso-A,A-167b. IR (neat, cm-1) Vmax 3055, 2922, 
2857, 2160 (C=C), 1607, 1578, 1523, 1481, 1464, 1408, 1337, 1246, 1201, 1061, 1033, 
881, 844, 750, 696, 670. HRM S (ESI) m /z  calcd for C n8H14oIr2N22O2Si2+ 2335.02799, 
found 2335.04193 (|A| = 5.97 ppm).
C om pound 168c (rel-A,A-168c/meso-A,A-168c (1/1)). See General procedure 6.1
(p 167). Column chromatog­
raphy on silica gel using 
C H C l 3/ M e O H  ( 9 6 / 4  to 
9 2 /8 )  afforded the  pure  
product (43 mg, 99%) as a 
yellow solid.
rel-  A ,A -1 6 8 c . (Measured 
from a 1/1 mixture of rel-
A,A-168c and meso-A,A-168c) :H  N M R  (400 M Hz, C D O 3, ppm) £ 12.01 (s, 2H, C a H ), 
9.23 (dd, J  = 8.2, 0.4 Hz, 2H, C a H ), 8.45-8.39 (m, 4H, AA' o f AA'XX' ), 8.31 (s, 2H, 
CatH), 8.13 (d d ,J=  3.0, 0.6 Hz, 2H, CatH), 8.13 (d d ,J=  3.0, 0.6 Hz, 2H, C a H ), 8.03 (dd,
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J =  8.1, 2.0 Hz, 2H, C a H ), 8.03-7.99 (m, 4H, XX' o f AA' XX' ), 7.98 (dd, J  = 2.1, 0.5 Hz, 
2H, C a H ), 7.88 (dd, J  = 1.9, 0.7 Hz, 2H, C a H ), 7.87 (dd, J =  7.6, 1.8 Hz, 2H, C a H ), 7.80 
( d d , J =  7.6, 0.6 Hz, 2H, C a H ,  7.31-7.27 (m, 4H , C a H ), 7.13 (dd, J  = 2.4, 0.6 Hz, 2H, 
C a H ), 7.05 (ddd, J  = 7.9, 7.4, 1.3 Hz, 2H, C a H ), 7.04 (ddd, J  = 7.9, 7.4, 1.3 Hz, 2H, 
C a H ), 6.94 (dd, J  = 2.3, 0.6 Hz, 2H, C a H ), 6 .88  (ddd, J  = 7.5, 7.5, 1.2 Hz, 2H, C a H ), 6.86  
(ddd, J  = 7.5, 7.5, 1.2 Hz, 2H, C a H ,  6.60 (dd, J  = 2.8, 2.3 Hz, 2H, C a H ), 6.58 (dd, J  = 2.9,
2.3 Hz, 2H, C a H ), 6.36 (dd, J  = 7.4, 1.3 Hz, 2H , C a H ), 6.35 (dd, J  = 7.5, 1.3 Hz, 2H, 
C a H ), 2.15-2.04 (m, 4H , CCHz), 1.33-0.92 (m, 78H, C H  + C H (C H 3)2), 0.85-0.77 (m, 
6 H, C H 2C H 3), 0.72-0.61 (m, 4H , C H 2). 13C N M R  (75 M Hz, C D C k  ppm) £ 152.7, 151.9,
149.8, 149.2, 148.9, 142.7, 141.9, 141.1, 138.9, 137.9, 137.5, 135.6, 133.6, 133.1, 130.9, 
128.8,127.1, 127.0, 126.92, 126.85, 126.6,126.2, 124.82, 124.81, 124.3,123.6, 123.0, 122.6,
121.8, 121.4, 120.3, 120.2, 117.4, 111.6, 111.2, 108.3, 108.0, 101.0, 99.9, 55.5, 40.4, 31.8,
30.0, 29.6, 29.51, 29.49, 29.46, 29.3, 29.2, 23.9, 22.6, 18.5, 14.0, 11.0.
meso-A,A-168c. The 1H  and 13C N M R  spectroscopic data are identical to rel-A,A-168c 
within the resolution limits o f both N M R  spectroscopic techniques.
Mixture (1/1) o f  rel-A,A-168c and meso-A,A-168c. IR (neat, cm-1) Vmax 3058, 2923, 2852, 
2160 (C=C), 2043, 1610, 1582, 1521, 1481, 1462, 1408, 1337, 1265, 1225, 1061, 1034, 
994, 884, 840, 746, 733, 699, 670, 657. HRM S (ESI) m /z  calcd for C125HW4Ir2N22Si2+ 
2391.06946, found 2391.07614 (|A| = 2.79 ppm).
Compound 170c. See General procedure 6.1 (p 167). Column chromatography on silica gel
using C H C l 3/ M e O H  (99/1 and 95 /5)  and 
subsequent crystallisation from C H 2Cl2/M eC N  
afforded the pure product (16 mg, 50%) as a yellow 
solid. 1H  N M R  (400 M Hz, C D C l3, ppm) £ 11.46 (s, 
1H, C a H ), 8.92 (s, 1H, C a H ), 8.82-8.70 (m, 1H, 
C a H ), 8.75 (s, 2H , C a H ,  8.50 (d, J  = 1.4 Hz, 2H, 
C a H ), 8.46 (t, J  = 1.6 Hz, 1H, C a H ,  8.29-8.23 
(m, 2H , AA' of AA'XX'), 8.16 (dd, J =  2.7, 0.4 Hz, 
1H, C a H ), 8.09 (dd, J  = 2.8, 0.6 Hz, 1H, C a H ,  
8.03-7.98 (m, 2H , XX' o f AA'XX' ), 7.75 (dd, J  =
1.9, 0.6 Hz, 1H, C a H ), 7.72-7.67 (m, 1H, C a H ), 7.70 (d, J  = 1.7 Hz, 4H , C a H ), 7.56-7.52 (m, 
1H, C a H ), 7.54 (t, J =  1.7 Hz, 2H , C a H ), 7.32 (dd, J  = 8.1, 0.9 Hz, 1H, C a H ,  7.27-7.23 (m, 
1H, C a H ), 7.04 (ddd, J  = 7.8, 7.3, 1.2 Hz, 1H, C a H ), 7.02 (ddd, J  = 8.0, 7.3, 1.2 Hz, 1H, 
C a H ), 6.89-6.82 (m, 3H, C a H ), 6.70 (d d ,J=  2.6, 2.4 Hz, 1H, C a H ), 6.56 (d d ,J  = 2.6, 2.6 Hz, 
1H, C a H ), 6.38 (dd, J  = 7.6, 1.2 Hz, 1H, C a H ), 6.32 (dd, J =  7.4, 1.2 Hz, 1H, C a H ), 1.43 (s, 
36H, C C H 3), 1.03-0.94 (m, 21H, C H (C H 3)2). 13C N M R  (75 M Hz, C D C k  ppm) £ (3C 
overlapped) 152.9, 152.8, 149.7, 148.7, 148.0, 147.3, 142.9, 142.8, 141.4, 139.6, 137.8, 137.2,
136.7, 135.5, 133.7, 133.1, 131.8, 131.2, 131.1, 127.3, 127.0, 126.8, 126.5, 126.3, 123.6, 123.5,
122.9, 122.6, 122.3, 121.9, 121.4, 119.2, 118.9, 115.2, 111.6, 111.2, 108.4, 108.1, 101.1, 99.5,
35.2, 31.4, 18.5, 11.0. IR (neat, cm-1) Vmax 3057, 2961, 2864, 2159 (C=C), 1593, 1521, 1479, 
1464, 1409, 1363, 1249, 1231, 1060, 1035, 993, 879, 847, 788, 749, 696, 671. HRM S (ESI) m /z  
calcd for C82H91IrN17Si+ 1534.70418, found 1534.69669 (|A| = 4.88 ppm).
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C om pound 171c. See General procedure 6.1 (p 167). Column chromatography on silica gel
using C H C l3/M eO H  (95/5 and 9/1) afforded the 
pure product (10 mg, 64%) as a yellow solid. N M R 
(400 M Hz, CD C lj, ppm) £ 11.09 (s, 1H, C a H ), 9.15 
(s, 1H, C a H ), 8.86 (s, 2H, CaH ) , 8.48-8.42 (m, 2H, 
cr CAH ) , 8.42-8.35 (m, 1H, C a t H ), 8.35-8.32 (m, 1H, 
C a H ), 8.20 ( d , / =  2.8 Hz, 1H, CAH ) , 8.19-8.13 (m, 
2H, AA' o f AA'BB'), 8.05 (d, / =  2.8 Hz, 1H, C aH ) ,  
8.02-7.95 (m, 2H, BB' o f AA'BB'), 7.91-7.84 (m, 1H, 
C aH ) ,  7.72 (d, ƒ  = 1.6 Hz, 4H , CAH ) ,  7 .70-7.67 (m, 
1H, C a H ,  7.57 (bd, J  = 7.9 Hz, 1H, C a H ), 7.54 (t, J  
= 1.6 Hz, 2H, C a H ), 7.30 (d, J  = 7.7 Hz, 1H, C a H ), 7.22 (d, J  = 8.0 Hz, 1H, C a H ), 7.01 (ddd, 
J  = 7.7, 7.6, 1.1 Hz, 1H, C a H ), 6.98 (ddd, J  = 7.9, 7.6, 1.1 Hz, 1H, C a H ), 6.88 (ddd, J  = 7.5, 7.4, 
0.9 Hz, 1H, C a H ), 6.84-6.79 (m, 2H, C a H ,  6.74-6.71 (m, 1H, C aH ),  6.51 (dd, J  = 2.5,
2.4 Hz, 1H, C aH ),  6.38 (ddd, J  = 7.8, 1.0, 0.5 Hz, 1H, C a H ,  6.24 (ddd, J =  7.4, 1.3, 0.5 Hz, 
1H, C aH ),  3.07 (s, 1H, C C H ), 1.45 (s, 36H, C C H 3). 13C N M R  (75 M Hz, C D O 3, ppm) £
152.8, 152.4, 149.3, 149.2, 147.7, 147.1, 143.0, 142.7, 142.0, 140.4, 137.6, 136.9, 136.8, 135.1,
133.7, 132.9, 131.8, 131.0, 130.9, 127.2, 126.50, 126.46, 126.3, 125.9, 123.46, 123.45, 122.9, 
122.81, 122.80, 122.4, 121.64, 121.62, 121.2, 120.5, 119.6, 119.4, 115.2, 111.6, 111.1, 108.6,
108.0, 83.4, 78.4, 35.3, 31.5. IR (neat, cm-1) ymax 3298 (C C -H ), 3059, 2963, 2930, 2867, 2118 
(C=C), 2048, 1609, 1592, 1521, 1479, 1414, 1365, 1261, 1062, 1038, 848, 800, 749, 705, 608. 
HRM S (ESI) m /z  calcd for C73H7iIrNi7+ 1376.56842, found 1376.56449 (|A| = 2.86 ppm).
C om pound 172c (rel-A ,A-172c/rel-A ,A-172c  (1/1)). See General procedure 6.1 (p 167).
C olum n chrom atography on 
silica gel using C H C l3/M eO H  
(9/1 to  8/2) afforded the pure 
product (20 mg, 33%) as a yellow 
solid.
rel-A,A-172c. (Measured from a 
1/1 mixture of rel-A,A-172c and 
r e l - A , A - 1 7 2 c )  1H  N M R  
(400 M Hz, DMSO-afc, ppm) £ 
10.40 (s, 1H, C a H ), 10.37 (s, 
1H, C a H ), 9.83 (s, 1H, C a H ,  9.66 (s, 2H, C a H ), 9.64 (s, 1H, C a H ), 8.94 (d, J =  2.8 Hz, 
1H, C aH ),  8.93-8.89 (m, 3H, C a H ,  8.72-8.59 (m, 6H, C aH ),  8.45 (d, J =  7.9 Hz, 1H, 
C aH ),  8.40-8.32 (m, 3H, C a H ), 8.22-8.06 (m, 6H, C a H ,  7.84 (d, J  = 1.4 Hz, 4H, 
C a H ), 7.80 (d, J  = 1.3 Hz, 1H, C a H ), 7.75-7.61 (m, 6H, C a H ), 7.59-7.56 (m, 1H, 
C aH ),  7.56 (t, J  = 1.4 Hz, 2H, C aH ),  7 .50-7.46 (m, 1H, C a H ), 7.11 (dd, J  = 8.1, 7.5 Hz, 
1H, C a H ,  7.06 (dd, J  = 8.1, 7.4 Hz, 1H, C aH ),  7 .03-6.96 (m, 2H, C a H ,  6.93 (dd, J  =
7.5, 7.3 Hz, 1H, C a H ), 6.86 (dd, J  = 7.6, 7.3 Hz, 1H, C a H ), 6.84-6.71 (m, 6H, C a H ), 
6.25 (d, J  = 2.5 Hz, 1H, C a H ,  6.24 (d, J  = 2.4 Hz, 1H, C a H ,  6.20 (d, J  = 7.4 Hz, 1H, 
C aH ),  6.20 (d, J  = 7.4 Hz, 1H, C a H ), 1.40 (s, 36H, C C H 3), 1.04-0.99 (m, 21H, 
C H I C H I ) .  13C N M R  (75 M Hz, DMSO-a's, ppm) £ 152.5, 149.3, 148.9, 148.63, 148.58,
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147.2, 146.6, 146.3, 143.12, 143.07, 143.03, 143.00, 142.0, 140.1-139.0 (m), 137.3, 136.8,
136.4,135.8, 135.5, 133.3-132.8 (m), 132.4,132.2, 132.0, 131.4, 131.1, 131.0,129.0-128.3 
(m), 127.7, 127.4, 126.4, 126.3, 126.0, 125.7, 125.4, 123.4, 122.9, 122.73, 122.68, 122.4, 
122.0, 121.4, 121.2, 120.6, 114.6, 112.2, 111.8, 111.7, 108.6, 108.5, 101.8, 97.9, 35.0, 31.1,
18.3, 10.5.
rel-A,A-172c. The 1H  and 13C N M R  spectroscopic data are identical to rel-A,A-172c within 
the resolution limits o f both N M R  spectroscopic techniques.
Mixture (1/1) o f  rel-A,A-172c and rel-A,A-172c. IR (neat, cm-1) Vmax 3054, 2957, 2918, 
2849, 2161 (C=C), 1722, 1596, 1524, 1482, 1464, 1411, 1260, 1063, 1032, 843, 804, 747,
699. HRM S (ESI) m /z  calcd for C n 5H m Ir2N 28Si+ 2296.87623, found 2296.87427 (|A| = 
0.85 ppm).
Compound 173c. See General procedure 2.2 (p 50): 171c (8 mg, 6  ^mol), azidocyclohexane
(14 mg, 0.11 mmol), CuI (2 mg, 0.01 mmol), T H F  
(2 mL), PMDTA (3 mg, 0.02 mmol), room tem ­
perature, 21 h. Column chromatography on silica 
gel using C H 2O 2 and C H 2CU /M eO H  (97.5/2.5) 
afforded the pure product (5.3 mg, 61%) as a 
yellow solid. 1H  N M R  (400 M Hz, C D C l3, ppm) £ 
10.35 (s, 1H, C a H ), 9.35 (s, 1H, C a H ), 8.68  (m, 
2H, C a H ), 8.42-8.33 (m, 2H , C a H ), 8.30-8.19 
(m, 3H, C a H ), 8.13 (d, J  = 2.7 Hz, 1H, C a H ), 
8.11-8.03 (m, 4H, AA' BB' ), 8.11-8.03 (m, 1H, 
C a H ), 8.01 (d, J =  2.7 Hz, 1H, C a H ), 7.82-7.79 (m, 1H, C a H ), 7.76 (d, J  = 1.4 Hz, 4H, 
C a H ), 7.58-7.53 (m, 1H, C a H ), 7.56 (t, J  = 1.6 Hz, 2H , C a H ), 7.19 (d, J  = 8.1 Hz, 1H, 
C a H ), 7.08 (d, J  = 8.0 Hz, 1H, C a H ), 7.00 (ddd, J  = 7.8, 7.6, 1.2 Hz, 1H, C a H ), 6.92-6.80 (m, 
3H, C a H ), 6.81 (ddd, J  = 7.4, 7.4, 1.2 Hz, 1H, C a H ), 6.70-6.66 (m, 1H, C a H ), 6.45 (dd, J  = 
2.7, 2.4 Hz, 1H, C a H ), 6.45-6.42 (m, 1H, C a H ), 6.27 (dd, J  = 7.1, 1.5 Hz, 1H, C a H ), 4.32 (tt, 
J =  11.5, 3.5 Hz, 1H, CH ), 2.16-2.06 (m, 2H , C H H ), 1.94-1.83 (m, 2H, C H H ), 1.82-1.21 (m, 
6 H, C H H ), 1.48 (s, 36H, C C H 3). 13C N M R  (75 M Hz, C D C k  ppm) £ (1C overlapped) 152.9,
149.8, 147.9, 147.3, 147.1, 146.6, 142.9, 142.7, 142.0, 140.9, 137.6, 137.0, 136.8, 135.0, 133.8,
133.0, 131.8, 131.3, 131.0, 128.8, 127.6, 127.2, 126.5, 126.4, 124.1, 123.4, 123.2, 123.0, 122.84, 
122.80, 122.3, 122.0, 121.2, 120.2,119.9, 119.73, 119.68, 115.3, 111.4, 111.0, 108.3, 107.8, 60.4,
35.4, 33.3, 31.5, 25.1, 22.7. IR (neat, cm-1) ¿ w  3062, 2959, 2936, 2863, 1592,1524, 1480, 1449, 
1414, 1362, 1247, 1230, 1061, 1036, 846, 749. HRM S (ESI) m /z  calcd for C 79H 82IrN 20+ 
1501.66372, found 1501.66956 (|A| = 3.89 ppm).
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Compound 174c (rel-A,A-trans- 174c and rel-A,A-trans- 174c (1/1)). See General
procedure 6.1 (p 167). Column 
chromatography on silica gel 
using C H C V M e O H  (99/1) and 
C H C l3/M eO H  (8/2) afforded 
the pure product as a mixture of 
the cis- and trans-isomers. The 
major trans-isomer was separated 
from the minor cis-isomer by 
preparative TLC  using C H C W  
M eO H  (92/18) .  Subsequent 
purification by column chromatography on silica gel using C H C V M e O H  (99.5/0.5, 99/1, 95/5, 
9/1 and 8/2) afforded the pure trans-isomer (7.0 mg, 30%) as a yellow solid.
rel-A,A-trans-174c. (Measured from a 1/1 mixture of rel-A,A-trans-174c and rel-AA- 
trans-174c) 1H  N M R  (400 M Hz, C D Q 3, ppm) £ 10.41 (s, 1H, C a H ), 10.31 (s, 1H, C a H ), 
8.98 (s, 1H, C a H ), 8.73-8.56 (m, 3H, C a H ), 8.56-8.45 (m, 1H, C a H ), 8.43-8.27 (m, 4H, 
C a H ), 8.18-7.91 (m, 11H, C a H ), 7.87-7.84 (m, 1H, C a H ,  7.76-7.64 (m, 5H, C a H ), 
7.54-7.50 (m, 2H, C aH ),  7.29-7.25 (m, 2H, C a H ), 7.23 (d, J  = 8.1 Hz, 1H, C aH ),  7.18 
(bd, J  = 8.0 Hz, 1H, C aH ),  7.06-6.79 (m, 11H, C aH ),  6.76-6.71 (m, 1H, C a H ), 6.62­
6.55 (m, 2H, C a H ), 6.52-6.47 (m, 1H, C a H ,  6.41 (d, J  = 7.5 Hz, 1H, C a H ), 6.34 (d, J  =
7.5 Hz, 1H, C a H ), 6.30 (d, J =  7.3 Hz, 1H, C a H ,  6.30 (d, J =  7.3 Hz, 1H, C aH ),  4.77­
4.67 (m, 1H, N C H ), 4.67-4.57 (m, 1H, N C H ), 2.47-1.53 (m, 8 H, C H H ), 1.43 (s, 36H, 
C C H 3), 1.09-1.00 (m, 21H, C H (C H 3)2). The low signal-to-noise ratio did not allow the 
reliable assignement of the 13C N M R  signals.
rel-A,A-trans-174c. The 1H  N M R  spectroscopic data are identical to rel-A,A-trans-174c 
w ithin the resolution limits o f the N M R  spectroscopic technique.
Mixture (1/1) o f rel-A,A-trans- 174c and rel-A,A-trans-174c. IR (neat, cm-1) Vmax 3054, 
2959, 2924, 2863, 2163 (C=C), 1724, 1591, 1523, 1482, 1412, 1260, 1083, 1060, 1036, 
1018, 798, 752, 700, 669. HRM S (ESI) m /z  calcd for C n 5H 12oIr2N 28Si+ 2302.92318, found 
2302.93289 (|A| = 4.21 ppm).
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Summary
The current approach to m aking electronic devices is extremely costly and the limits o f 
applied technology are w ith in  reach. Therefore, the future route towards nanoscale devices 
(below 100 nm) lies in  the developm ent o f molecule-based electronics. A lthough the concept 
o f molecular electronics has been around since the 1980s, it is only now, w ith recent 
developments in  supramolecular nano chemistry, tha t this concept has become feasible. The 
goal o f the research w ork described in  this thesis was to develop a m odular and easily applied 
approach towards functional molecules, which are the elem entary building blocks for the 
construction o f such nanoelectronic devices.
M otivated by the great potential o f the carbon-carbon  triple bond to serve as a unique 
synthetic tool and building block for the preparation o f functional (hetero-)carbon-rich n- 
conjugated scaffolds, the m ain objectives o f this thesis were: (a) to design functional triazole- 
based oligomeric and dendrim eric 2D  structures; (b) to develop m odular approaches and 
versatile precursors to access these structures.
Two elem entary building blocks were chosen to design different 1D and 2D  hetero­
carbon-rich scaffolds, namely, phthalocyanine (Pc) and benzene (Scheme 1; Pc and benzene 
units are highlighted in  bold). To synthetically access the proposed structures, two acetylenic 
transform ations were employed as the synthetic tools, namely, the Bergman cyclisation (BC) 
and the copper-catalysed azide-(halo)alkyne cycloaddition (C uA (H )A C )reactions.
As a result o f the latter, the com m on characteristic o f m ost target structures presented in 
this thesis is the presence o f m ultiple organised triazole rings, w hich can serve to bind m etal 
ions or other guest molecules. Some o f the structures possess size- and shape-persistent 
cavities (or half-cavities); others organise interm olecularly upon doping.
The schematic representation o f the thesis summ ary is depicted in  Scheme 1, as well as in 
Figure 1.7 (p 24), and the five major achievements resulting from  this project are summarised 
below (Chapters 2 -6 ). The results have been published (or are in  the process o f  being 
published) in  leading scientific journals.
Chapter 1:
This chapter summarises the aims, m otivation and outline o f this thesis.
Chapter 2:
This chapter describes a novel m odular approach to triazole-derived Pcs using versatile 
octaacetylene-Pc precursor and the C uA A C  reaction, which was developed and applied in 
the preparation o f various derivatives. The octaacetylene-Pc precursor was prepared by an 
elegant and significantly im proved protocol and the in  situ depro tection-C uA A C  step was 
employed as a highly efficient and quantitative route to a new  class o f octatriazole Pcs. In 
addition to their easy preparation, the ability o f these triazole-derived Pcs to form  well- 
defined supramolecular dimeric structures upon doping w ith m etal ions was dem onstrated.
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Phthalocyanine
Scheme 1 Schematic representation o f the thesis content; Pc and benzene units are 
highlighted in bold.
Chapter 3:
This chapter describes various m ethods to link the unsubstituted carbon atoms o f the 
neighbouring triazoles in  octatriazole Pcs to afford atomically flat naphthalocyanine (Nc) 
analogues containing eight fused triazole moieties. The crucial steps o f the trisubstituted- 
triazole approach, namely, the C uA H A C  and the intram olecular hom ocoupling reactions, 
were first studied on a m odel system; subsequently, this m ethodology was applied in  the 
synthesis o f the desired Nc. This class o f Ncs, containing four tridentate half-cavitites, is 
expected to possess very strong aggregation properties tha t can be further tuned  by doping 
w ith metals or guest molecules.
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Chapter 4:
This chapter describes the first example o f the BC  reaction perform ed on a Pc system. 
W hereas the n - n  aggregation o f the Pc core and lim ited solubility did n o t allow the direct 
preparation o f Ncs starting from  octacatylene-derived Pcs, an unsymmetrically substituted Pc, 
bearing two ethynyl groups that underw ent the BC  reaction and six acetylene moieties each 
protected  w ith a bulky silyl group securing the solubility, was synthesised. This study was 
extended further; a bis(bromoacetylene) Pc analogue, which after the B C  reaction allows for 
the easy access to higher-acene Pcs by using the cyclic reiterative approach (Sonogashira cross- 
coupling/B C ), was synthesised.
Chapter 5:
This chapter describes the synthesis o f well-defined cut-outs o f “click graphene”, a 
heteroarom atic structure based on alternating triazole-1,4-diyl and benzene-1,3,5-triyl units 
and possessing 2D  functional cavities (see Scheme 1). U pon the successful synthesis o f 1,3,5- 
triazidobenzene, one o f the two synthons o f click graphene, a pioneering study to construct 
the third-generation dendrim er was carried out. Using the one-protecting-group approach, 
the first-generation dendrim er was successfully obtained; the next step, however, repeatedly 
did n o t afford the desired second-generation dendrimer. The tw o-protecting-group approach 
was therefore in itiated  and will be the subject o f future research in our group.
Chapter 6:
This chapter describes a m odular synthesis o f novel triazole-pyridine-derived oligomers 
prepared using the C uA A C  reaction, in which the triazole-pyridine units serve as ligands 
tha t form  lum inescent iridium (lIl) complexes. Using this approach, a series o f iridium -derived 
molecules, tha t differ in  the num ber o f iridium  centres, and the characteristics o f  the 
cyclometallating ligand and the spacer, were synthesised. The photophysical properties o f the 
prepared complexes indicate tha t there is no interaction between the iridium  centres w ithin 
one oligomer, and tha t they retain their individual properties. Since this is o f interest for the 
preparation o f tuneable light emitters, one example o f a single-molecule w hite-light emitter, 
constructed from  two iridium  centres (yellow emission) and a fluorene un it (blue emission), 
was dem onstrated.
D ue to their easy, m odular synthetic access and their interesting properties, all target 
molecules are attractive candidates for use as unique building blocks w ith applications, for 
instance, in  the construction o f functional (opto)electronic devices. We believe tha t the w ork 
presented in  this thesis and related publications will motivate further research in  this 
direction.
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Samenvatting
D e kosten van fabricage van huidige en toekomstige generaties electronische materialen 
stijgen en de grenzen van de steeds verdergaande m iniaturisatie naderen snel. Eén van de 
nieuwe m ethoden om  apparaten op de nanoschaal (kleiner dan 100 nm) te creëren m aakt 
gebruik van moleculaire electronica. Hoewel d it onderwerp al w ordt besproken sinds de jaren 
80 van de vorige eeuw hebben recente ontwikkelingen in  de supramoleculaire chemie pas de 
haalbaarheid van deze aanpak aangetoond. H et doel van he t werk beschreven in d it 
proefschrift was he t ontwikkelen van m odulaire en eenvoudig toepasbare routes voor de 
synthese van functionele moleculen die de elementaire bouw stenen kunnen vorm en voor 
toekomstige moleculaire apparaten.
D e drievoudige koolstof-koolstof binding heeft enorm e potentie u it synthetisch 
oogpunt en als bouwsteen in  de synthese van functionele (hetero)koolstofrijke n- 
geconjugeerde materialen. M et de voordelen van de acetyleengroep in  het achterhoofd 
werden de volgende doelstellingen geformuleerd: (a) he t ontw erpen van functionele triazool- 
houdende oligomere en dendritische 2D  structuren; (b) he t ontwikkelen van synthetische 
m ethodes en m ultifunctionele uitgangsmaterialen voor deze structuren.
Twee elementaire bouw stenen werden geselecteerd om  verschillende 1D en 2D  hetero­
koolstofrijke materialen te ontwerpen, namelijk ftalocyanine (Pc) en benzeen (Schema 1; Pc- 
en benzeengroepen zijn vetgedrukt). De synthetische toegang to t de voorgestelde materialen 
werd verschaft door twee acetyleenomzettingen: de Bergman cyclisatiereactie (BC) en de 
koper-gekatalyseerde azide-(halo)alkyn cycloadditiereactie (C uA (H )A C ).
D oor het gebruik van de laatstgenoemde reactie bevatten veel doelmoleculen in  d it 
proefschrift meerdere voorgeorganiseerde triazoolringen, die gezamenlijk m etaalionen of 
andere kleine moleculen kunnen binden. Bijvoorbeeld, enkele structuren bevatten rigide half 
open holtes, andere kunnen interm oleculair reorganiseren onder invloed van verschillende 
additieven.
D e inhoud van het proefschrift is schematisch weergegeven in  Schema 1, en ook in 
Figuur 1.7 (p 24). De vijf belangrijkste wapenfeiten u it d it onderzoek w orden hieronder kort 
samengevat (H oofdstukken 2 -6 ). De resultaten zijn (of w orden op d it m om ent) 
gepubliceerd in  toonaangevende wetenschappelijke tijdschriften.
Hoofdstuk 1:
D it hoofdstuk vat de doelstellingen en motivatie voor het onderzoek samen en schetst de 
contouren van h e t proefschrift.
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Ftalocyanine
Schema 1 Schematische voorstelling van de inhoud van het proefschrift; Pc- en benzeen- 
groepen zijn vetgedrukt.
Hoofdstuk 2:
D it hoofdstuk beschrijft de ontwikkeling van een nieuwe m odulaire route naar triazool- 
gefunctionaliseerde Pcs die gebruikm aakt van een veelzijdig octa-acetyleen Pc uitgangs­
materiaal. D it uitgangsmateriaal werd gesynthetiseerd via een elegant en sterk verbeterd 
protocol. Een in  situ on tscherm ing-C uA A C  stap resulteerde in  een efficiënte route naar een 
nieuwe serie octatriazool Pcs, kw antitatief verkregen en eenvoudig te zuiveren. Daarnaast 
werd aangetoond hoe m et deze klasse Pcs goed gedefinieerde supramoleculaire complexen 
(dimeren) verkregen kunnen w orden als gevolg van complexatie m et metaalionen.
Hoofdstuk 3:
In d it hoofdstuk w orden verschillende m ethoden beschreven om twee naburige 
ongesubstitueerde koolstofatom en van het octatriazool Pc m et elkaar te verbinden, w at m oet
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resulteren in  een atom air vlak naftalocyanine (Nc) m et daaraan acht triazoolgroepen 
gefuseerd. De kritische stappen in  de synthese van de drievoudig gesubstitueerde triazool, de 
C uA H A C  en de daaropvolgende intram oleculaire homokoppelingsreactie, zijn bestudeerd in 
een modelverbinding. De ontwikkelde m ethodologie is toegepast in  de synthese van het 
gewenste N c eindproduct. Van de nieuwe serie Ncs, elk m et een viertal tridentaatliganden, 
kan een sterk aggregatiegedrag verwacht worden, dat nog verder versterkt kan w orden door 
toevoeging van m etaalionen o f zelfs kleine moleculen.
Hoofdstuk 4:
In d it hoofdstuk w orden de eerste voorbeelden gegeven van de BC  toegepast op een Pc. 
D oor n - n  aggregatie en de beperkte oplosbaarheid van de Pc groep was het n ie t mogelijk om 
direct een N c u it de octa-acetyleen Pc derivaten te maken. Asymmetrisch gesubstitueerde Pcs, 
waarvan twee acetyleengroepen de BC ondergingen terwijl de zes andere acetyleengroepen 
beschermd waren, konden wel gesynthetiseerd worden. D it werk is verder uitgebreid door 
gebruik te m aken van een asymmetrische Pc m et twee broomacetyleengroepen, die na de BC 
toegang verschaft to t langere aceen-Pcs gebruikm akend van een iteratief Sonogashira 
koppeling-B C  proces.
Hoofdstuk 5:
D it hoofdstuk beschrijft de synthese van goed-gedefinieerde stukjes “click-grafeen”, een 
functionele poreuze heteroarom atische structuur opgebouwd u it alternerend triazool-1,4-diyl 
en benzeen-1,3,5-triyl ringen. N a de geslaagde synthese van 1,3,5-triazidobenzeen, één van de 
twee uitgangsmaterialen van click-grafeen, kon een vernieuwend onderzoek naar routes to t de 
derde generatie dendrim eer w orden uitgevoerd. Via een route m et één enkele beschermgroep 
kon de eerste generatie dendrim eer gesynthetiseerd worden. Echter, ondanks meerdere 
pogingen kon na de tweede stap n oo it de tweede generatie geisoleerd worden. Een 
alternatieve route, gebruikm akend van twee verschillende beschermgroepen, werd gestart en 
deze route w ord t op het m om ent verder onderzocht in  onze onderzoeksgroep.
Hoofdstuk 6:
D it hoofdstuk beschrijft de m odulaire synthese en de eigenschappen van op triazool- 
pyridine gebaseerde oligomeren. D e triazool-pyridinegroep doet dienst als ligand voor 
luminescerende iridium (lIl) complexen. Via de C uA A C  benadering zijn iridium -houdende 
verbindingen gemaakt die verschillen in  het aantal iridium  centra en de eigenschappen van 
zowel de liganden als de tussenliggende keten. D e fotofysische eigenschappen van de 
gesynthetiseerde verbindingen laten zien dat er geen interactie tussen iridium  centra binnen 
een oligomeer is, waardoor deze centra hun individuele eigenschappen behouden. Deze 
eigenschap kan w orden toegepast in  lichtbronnen m et instelbare kleuren, w at is aangetoond 
middels een voorbeeld waarin een w itte lichtbron is samengesteld u it twee iridium  centra 
(geel licht) en een fluoreen groep (blauw licht).
D oor hun  goede synthetische toegankelijkheid en door hun  interessante eigenschappen 
zijn alle doelmoleculen uit d it proefschrift aantrekkelijke kandidaten voor toepassing als
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moleculaire bouw stenen in  (opto)electronische materialen. W ij geloven dat he t werk 
gepubliceerd in  d it proefschrift en de bijbehorende artikelen, verder onderzoek in deze 
richting zal stimuleren.
Samenvatting
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